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Abstract 
Sensory neuron fate specification in Drosophila requires the expression of one of the 
proneural genes (achaete-scute, atonal, or amos) in small groups of ectodermal cells, 
the proneural clusters. Subsequent resolution of proneural gene expression to a single 
neural precursor cell is essential for correct fate specification. The pronèüral gene 
atonal also has other later roles in the neural precursors. These have been well 
studied in the chordotonal organ precursors where Atonal activates the Egfr 
signalling pathway to recruit additional cells to the chordotonal precursor fate. 
Experimental misexpression of atonal in the developing R8 photoreceptor results in 
phenotypes that reflect its roles both in terms of R8 fate specification and R8 
function. 
In order to determine more specifically the roles of Atonal in the R8 photoreceptor a 
number of modifiers of the atonal misexpression phenotype have been characterised. 
One of these was found to correspond to a mutation in the gene echinoid which 
encodes a neural cell adhesion molecule. Subsequent analysis has revealed that 
Echinoid functions specifically in the restriction of neural fate in both atonal and 
achaete/scute-dependent proneural clusters. 
Analysis of Echinoid function has revealed a hitherto unsuspected complexity in the 
process of R8 photoreceptor fate determination. Surprisingly, its mutant phenotype is 
caused by inappropriate EGF receptor signalling suggesting that its wildtype function 
is to suppress such activity. The close relationship between this finding and Atonal 
function is explored. 
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1.1 Cell fate determination during development 
One of the central questions in developmental biology is how a cell acquires a 
particular fate. Two important concepts are: induction, the sending of a signal to a 
population of cells to determine their fate, and competence, the ability of the cells to 
acquire a particular fate. Competence can be determined by the position of cells in a 
morphogen gradient, or their position with respect to a body axis, but is ultimately 
provided by differential gene expression. Competence to adopt a particular cell fate 
is often shared by a group of cells that have had a similar developmental history. 
These groups of cells are known as equivalence groups; in many cases not all of the 
cells within the equivalence group will actually adopt a particular fate. Numerous 
studies in various organisms have shown that the basic principles of cell fate 
determination are well conserved. Indeed, not only are the mechanisms of induction 
and competence required for cell fate determination in a bewildering array of tissues 
and organisms, but the signalling pathways and molecules that provide a cell with 
competence have also been shown to be highly conserved. For example, the Notch 
signalling pathway is frequently used to determine which cell(s) from an equivalence 
group will adopt the cell fate. Well known instances of this include the vertebrate and 
invertebrate nervous system, vertebrate and invertebrate haemopoiesis, endocrine 
cell differentiation in the pancreas and vulval cell selection in the nematode worm 
3 
Introduction 
(Artavanis-Tsakonas et al., 1999; Baker, 2000; Kimble and Simpson, 1997; Lewis, 
1998). In spite of all the progress that has been made towards understanding cell fate 
determination in recent years, many gaps in our knowledge remain. One of these is in 
the question of how a particular cell within an equivalent group of cells adopts a 
particular fate. 
1.1.1 Using the Drosophila peripheral nervous system to 
study cell fate determination 
The peripheral nervous system (PNS) of Drosophila melanogaster has been used 
extensively to study cell fate determination. There are many advantages to using this 
system. The Drosophila PNS has been described in great detail. Flies are provided 
with a range of different sensory organs that are located at stereotypical positions on 
their bodies. Moreover, the exact positions of these, and the times of their 
emergence, have been determined. The sense organs themselves consist of a small 
number of cells, of relatively few types. Their lineage has mostly been worked out 
(Brewster and Bodmer, 1996; Hartenstein and Posakony, 1989; Huang et al., 1991; 
Jan and Jan, 1993). Therefore, the analysis of the effects of any mutations can be 
carried out in great detail. Other advantages of using the Drosophila PNS to study 
cell fate determination are the large body of knowledge about fly development, and 
the molecular genetic techniques that are available. 
Both adults and larvae have an array of different sensory organs. These include 
external sensory (es) organs (also known as bristle sense organs), which can be 
mechanosensory or chemosensory; chordotonal (ch) organs, which are stretch 
receptors; olfactory organs; and multiple dendritic (md) neurons, which are internal 
sensory organs (Jan, 1993). Adult Drosophila also have a sophisticated compound 
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eye, which develops somewhat differently from the other sense organs (Cagan, 
1993). The larval PNS is specified from ectodermal cells during embryogenesis, and 
the adult PNS is specified in the imaginal discs of the third instar larvae. 
1.1.2 The proneural genes 
The function of the proneural genes 
Proneural genes provide developing ectodermal cells with neural competence. They 
encode basic helix-loop-helix (bHLH) transcription factors that are both necessary 
and sufficient for a cell to be fated as a neural precursor and subsequently to 
differentiate as part of the nervous system. In the absence of a proneural gene, no 
neural precursors will be selected; if proneural genes are ectopically expressed they 
can misspecify ectodermal cells as neural precursors. The proneural genes have been 
well conserved between phyla (Chan and Jan, 1999; Hassan and Bellen, 2000). All 
proneural genes fit into one of two families, based on their sequence similarities. 
These are named after the Drosophila founder members of each class: the 
achaete/scute family and the atonal family (Chan and Jan, 1999; Hassan and Bellen, 
2000). 
Drosophila have four proneural genes of the acheaete/scute family which are located 
in a complex, the Achaete-Scute Complex (AS-C). Two of them are achaete (ac) and 
scute (sc) themselves, which are the proneural genes for the mechanosensory bristles, 
some md neurons and part of the central nervous system (CNS) (Cubas et al., 1991; 
Goodman, 1993; Romani et al., 1989; Skeath and Carroll, 1991). The third is asense 
(ase), which is expressed in developing neural precursor cells and is also the 
proneural gene for a set of wing margin bristles (Brand et al., 1993; Jarman et al., 
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1993a). The fourth is lethal of scute (l'sc), which is a proneural gene for some of the 
CNS neurons (Goodman, 1993). 
Flies also have two proneural members of the atonal family, and these are unlinked. 
The first is atonal (ato) itself, which is the proneural gene for the chordotonal organs, 
the eye, some md neurons and a subset of the olfactory organs, the sensilla 
coeloconica (Jarman et al., 1993b; Jarman et al., 1994; Jarman et al., 1995; Jhaveri et 
al., 2000). The other absent md neurons and olfactory sensilla (amos), which is the 
proneural gene for a subset of the md neurons and also for the sensilla basiconica and 
the sensilla trichodea (Goulding et al., 2000b; Huang et al., 2000). 
It can be seen from this list that the specification of different neural precursor cells 
requires different proneural genes. Domain-swap experiments have illustrated that 
the basic domain of the proneural gene is important in determining their different 
properties (Chien et al., 1996). However, proneural genes also have many similarities 
in the way they function. They are all thought to heterodimerise with the bHLH 
protein encoded by daughterless (da) (Cabrera and Alonso, 1991; Caudy et al., 1988; 
Dambly-Chaudiere et al., 1988; Giebel et al., 1997; Goulding et al., 2000b; Huang et 
al., 2000; Jarman et al., 1993a). Moreover, they have common antagonists, 
extramacrochaete (emc) and hairy (h) (Brown et al., 1995; Skeath and Carroll, 1991; 
Van Doren et al., 1991). Proneural genes are transcriptional activators and they have 
common (as well as individual) targets, referred to as panneural genes. For example, 
they are all thought to activate the transcription of senseless (sens), a zinc finger 
transcription factor which is important for reinforcing proneural gene expression but 
probably also has neuron-specific targets (Frankfort et al., 2001; Noloet al., 2000). 
This makes Sens protein a very useful marker for all neural precursors. 
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The expression of the proneural genes 
Proneural genes are initially expressed in a group of equivalent ectodermal cells, the 
proneural cluster (PNC). All of the PNC cells are competent to be fated as a part of 
the nervous system, but only one or a few will actually differentiate as such (figure 
1.1.1). Proneural gene expression is downregulated in the majority of the PNC cells, 
and they ultimately differentiate as epidermal cells. One cell within the PNC will 
maintain high levels of proneural gene expression for a longer period than the rest of 
the PNC. This cell has been fated as the neural precursor cell, and it will go on to 
differentiate as the sense organ. Differentiation of the neural precursor involves 
either a stereotypical pattern of divisions to produce the final cells of the sense organ 
(in which case the neural precursor is known as a sense organ precursor, or SOP), or 
the recruitment of the other cells which make up the differentiated sense organ from 
the surrounding tissue (this only occurs for the founding photoreceptor of the 
ommatidia). 
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Figure 1.1.1 The dynamic expression pattern of the proneural genes 
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Figure 1.1.1 The dynamic expression pattern of the proneural genes 
(A) Proneural genes are initially expressed in a group of equivalent ectodermal cells, the 
proneural cluster. (B) One cell within the proneural cluster accumulates higher levels of the 
proneural gene. (C) Proneural gene expression is switched off in the rest of the proneural 
cluster as a result of inhibitory signalling. The cell expressing high levels of the proneural 
gene has been fated as the neural precursor. (D) The neural precursor differentiates. 
Inhibitory intercellular signalling between the cells of the PNC determines which of 
them will become the neural precursor (figure 1.1.1). This inhibitory signalling is 
mediated by the Notch signalling pathway, which can repress proneural gene 
expression. Evidence is now accumulating that Egfr pathway signalling is also 
important in many (but not all) PNCs; it is required for the promotion of proneural 
gene expression (Culi et al., 2001; zur Lage and Jarman, 1999). However, Egfr 
signalling probably plays a lesser role than the inhibitory Notch signalling. The 
restriction of proneural gene expression from the PNC to single neural precursor 
cells mediates cell fate choice and is crucial for the correct development of the PNS. 
The Notch and Egfr signalling pathways are very important for PNC resolution, and 
will be described in some detail. A detailed description of PNC resolution during 
bristle and eye development will then follow. 
The Notch (N) gene encodes for a type I transmembrane receptor. It can be activated 
by either of two type I transmembrane ligands, which are encoded by Delta (Dl) and 
Serrate (Ser). However, only Dl is important for nervous system development. 
Ligand binding to the receptor is believed to activate a proteolytic cascade that 
results in the release of the Notch intracellular domain (Nt).  N' can enter the 
nucleus and convert the Supressor of Hairless (Su(H)) protein from a transcriptional 
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repressor to a transcriptional activator. There appear to be two classes of N -
responsive enhancers. The first comprises those promoters where N is only 
required to alleviate Su(H)-mediated repression, possibly by displacing co-
repressors. The second comprises those promoters where N' also acts to recruit 
trans activators, and hence activates transcription directly. The Enhancer of split 
complex (E(spl)C) falls into the second category. It encodes for a number of bHLH 
proteins that are the primary targets of N' cd  /Su(H) during PNC resolution. The 
E(spl)C proteins can in turn downregulate the expression of the proneural genes. It 
should be noted that the E(spl)C genes are not the only targets of Notch signalling in 
the PNCs. This linear sketch of the pathway is illustrated in figure 1. 1.2 (Artavanis-
Tsakonas et al., 1999; Bray and Furriols, 2001; Greenwald, 1998; Weinmaster, 1997; 
Weinmaster, 2000). It is clear that this linear sketch is highly simplified and that 
multiple regulatory steps exist at every level of the Notch pathway. Furthermore, the 
Su(H)-dependent signal may not be the only pathway that is activated downstream of 
the Notch receptor; there is some evidence for Su(H)-independent activity of Notch 
(Lawrence et al., 2001). 
The Drosophila Epidermal Growth Factor Receptor (DER) encodes a type I 
transmembrane protein with a cytoplasmic tyrosine kinase domain. It is a Receptor 
Tyrosine Kinase, or RTK. There are four known Egfr ligands in Drosophila. Spitz 
(Spi), Vein (Vn) and Gurken (Grk) are Egfr agonists, and Argos (Aos) is an 
antagonist. The spi gene encodes a TGF-ct homologue which must be cleaved by the 
product of the gene rhomboid (rho) for activation. spi is the major ligand for the Egfr 
during PNS development; it is ubiquitously expressed and the patterned expression 
of rho provides spatial control of the pathway. When the Egfr is stimulated by ligand 
binding it dimerizes, resulting in trans-autophosphorylation of its cytoplasmic 
domain. The phosphorylated cytoplasmic domain can be recognised by adaptor 
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proteins which recruit the guanine nucleotide exchange factor, Son of sevenless 
(Sos), to the plasma membrane where it stimulates exchange of GTP for GDP on the 
small G-protein, Ras. GTP-bound Ras can interact with multiple effector proteins. 
During PNS development it interacts with Raf, which stimulates MAP-kinase-kinase 
(MEK). MEK phosphorylates MAPK (Erk) (Erk is the specific MAPK that functions 
in this pathway), which is translocated to the nucleus, where it phosphorylates 
various transcription factors. The ETS-domain transcription factors Pointed (Pnt) and 
Yan are thought to be the main effectors of the Egfr pathway. (Pnt-P2 is 
phosphorylated by Erk). This simplified linear version of the pathway is illustrated in 
figure 1.1.2. However, many different feedback controls at all levels of the pathway 
have been described (Bier, 1998; Bogdan and Klambt, 2001; Fiorini et al., 2001; 
Schlessinger, 2000; Urban et al., 2001). 
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Figure 1.1.2 The Notch and Egfr intercellular signalling pathways 
(A) Linear sketch of the Notch signalling pathway in the proneural clusters. (B) Linear sketch 
of the Egfr signalling pathway in the proneural clusters. 
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1.1.3 Bristle development 
The proneural genes ac and sc of the AS-C are both required for the specification of 
bristle sense organs (es organs). ac and sc appear to be required for different sets of 
es organs, even though they are expressed in an overlapping pattern in the PNCs 
(Cubas et al., 1991; Dambly-Chaudière and Ghysen, 1987; Romani et al., 1989; 
Skeath and Carroll, 1991). The PNCs for the es organs arise at reproducible positions 
and times as development progresses (Cubas et al., 199 1) (figure 1.1.3). The genes of 
the Iroquois Complex, Bar, pannier and wingless are some of the prepatterning 
factors that are known to be necessary for the establishment of the es organ PNCs 
(Dambly-Chaudiere and Leyns, 1992; Garcia-Garcia et al., 1999; Leyns et al., 1996; 
Sato et al., 1999). The Notch and Egfr pathways also have a role in the prepatteming 
of the PNCs prior to their roles in regulating ac and sc dynamics within the PNCs 
(Brennan et al., 1997; Brennan et al., 1999; Couso and Martinez-Arias, 1994; Culi et 
al., 2001). 
The dynamic expression of ac and sc within the PNCs has been described in great 
detail. What follows is a summary of the events in the macrochaetae PNCs. Two or 
three cells within the PNCs accumulate ac/sc to higher levels than the rest of the 
cluster. These cells are always located at reproducible positions within the PNC. One 
of them continues to express even higher levels of the proneural genes; it is fated as 
the SOP (Cubas et al., 1991; Skeath and Carroll, 1991). Furthermore, two or three 
cells per cluster accumulate the SOP marker A101 (an enhancer trap into the 
neuralized gene) at a low level, before strong expression starts in the selected SOP 
itself (Huang et al., 1991). This has given rise to the notion of the pre-SOP state, 
whereby a cell has accumulated high levels of ac and s c and can begin to 
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Activation of the Notch pathway has been shown to inhibit SOP fate through 
repression of ac/sc (Jennings et al., 1995; Jennings et al., 1994). All of the cells of 
the PNC express uniform levels of Notch and Delta (Kooh et al., 1993; Parks et al., 
1997) and have both the means to send and the means to receive the inhibitory 
signal. Indeed, two phases of Notch pathway signalling are thought to occur within 
the PNCs. Initially, Notch signalling occurs between all cells of the PNC before 
singling out of the SOP (mutual inhibition) (Goriely et al., 1991; Heitzler and 
Simpson, 1991). The selected SOP becomes refractory to mutual inhibition, and 
represses ac and sc expression in the surrounding cells (lateral inhibition) (Ghysen et 
al., 1993; Simpson, 1990). 
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Figure 1.1.3 The development of external sensory organs 
(A) Wing disc from third instar larva stained to show sc mRNA. (B) The divisions of the SOP. 
(C) The final structure of a bristle sense organ. 
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Enhancer sequences that are required for sc transcription in the different PNCs and in 
the SOP cells have been identified (Culi and Modolell, 1998; Gomez-Skarmeta et al., 
1995; Martinez and Modolell, 1991). Self-stimulation of sc expression from a scSOP 
enhancer has been shown to be required for SOP commitment, and it is thought that 
similar enhancers are also used by ac and ase (Culi et al., 2001; Culi and Modolell, 
1998). The scSOP enhancer has been shown to be a target of Notch signalling during 
lateral inhibition. However, the Notch signalling pathway is not sufficient for 
repression of the enhancer in the PNC cells (Culi and Modolell, 1998). The scSOP 
enhancer may be a target of Egfr signalling in the macrochaetae PNCs (Culi et al., 
2001). Egfr signalling occurs between all cells of the PNC (termed lateral co-
operation); it acts antagonistically to Notch inhibition, and is thought to allow the 
singling out of an SOP to occur (Culi et al., 2001). 
It is not known how the SOP becomes unresponsive to Notch signalling. Two 
alternative hypotheses are found in the literature: 
1. Small initial differences in the levels of Ac/Sc, N or Dl between cells of the PNC 
could be amplified by mutual Notch pathway inhibition, so ultimately one cell 
expresses very high levels of Dl and can prevent proneural gene transcription in 
the surrounding cells (Goriely et al., 1991). This idea is supported by mosaic 
analysis which shows that PNC cells with higher levels of N, or lower levels of 
Dl or Ac/Sc, are less likely to become an SOP (Cubas et al., 1991; Heitzler and 
Simpson, 1991). Furthermore, Dl transcription is activated by Ac/Sc (Heitzler et 
al., 1996; Kunisch et al., 1994), and a cell expressing high levels of Dl may be 
protected from Notch signalling by cis interactions between Dl and N molecules 
on the same cell (Doherty et al., 1996; Jacobsen et al., 1998; Jonsson and Knust, 
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1996). However, detailed studies have been unable to detect any differences in 
the levels of N and Dl proteins or RNA in the PNCs (Kooh et al., 1993; Parks et 
al., 1997). 
2. The other hypothesis is that Notch signalling is prevented post-transcriptionally 
in the selected SOP; which implies that a second signal is required to select the 
SOP (Rooke and Xu, 1998). This idea is supported by the finding that 
experimentally activating the Notch signalling pathway is sufficient to inhibit 
SOP specification, suggesting that the SOPs would be inhibited by Notch 
signalling if they experienced it (Lieber et al., 1993; Struhi et al., 1993). There 
are various ways that the post-transcriptional inhibition of N could be achieved. 
A specific protein that interacts directly with the Notch receptor could prevent 
activation by Dl, either by blocking Dl binding or by preventing the receptor 
cleavage events. This would be analagous to the situation at the dorsoventral 
margin of the developing wing. Here, N signalling is restricted to the 
dorsoventral boundary, partly by the action of the Fringe (Fng) protein. Fng is a 
glycosyl transferase which promotes activation of N by Dl but prevents activation 
by Ser (Bruckner et al., 2000; Moloney et al., 2000; Munro and Freeman, 2000; 
Panin et al., 1997). Alternatively, other signalling pathways, perhaps also 
targeting the scSOP enhancer or modulating the Notch pathway itself, could be 
the key to the protection of one cell from Notch inhibition. The Egfr signalling 
pathway is one candidate for this (Culi et al., 2001). 
The evidence in support of the two theories varies form PNC to PNC. Consequently, 
it is possible that a combination of the two hypotheses is required to select the SOP, 




Similar events are thought to occur during the resolution of the PNCs of other sense 
organs. However, the details are slightly different in each case. For example, the 
microchaetae do not require lateral co-operation in order for an SOP to be selected 
(Culi et al., 2001). In contrast, the femoral chordotonal organ PNC has a much 
greater requirement for Egfr signalling. The femoral ch organ consists of 70-80 
tightly aligned unit ch organs. Here, the PNC persists and developing SOPs signal 
back to the PNC to recruit more cells to the SOP fate (zur Lage and Jarman, 1999). 
The Egfr signalling pathway is required for the recruitment of the additional SOPs, 
and possibly also to antagonise Notch signalling within the PNC in order for the 
PNC to persist (zur Lage and Jarman, 1999). 
The bristle sense organs consist of a bristle shaft and socket (visible on the exterior 
of the fly), a neuron and a sheath cell (subepithelial), and sometimes a glial cell (Jan, 
1993) (figure 1.1.3). These cells are all derived from the SOP by stereotyped 
asymmetric cell divisions (Gho et al., 1999; Reddy and Rodrigues, 1999) (figure 
1.1.3). Both asymmetrically localized cell determinants and Notch signalling are 
important for the SOP-derived cells to adopt the correct fate (Guo et al., 1996). The 
ch SOP divides in a similar (but not identical) fashion to produce the four cells of the 
differentiated ch organ (Bodmer et al., 1989; Brewster and Bodmer, 1996; Jan and 
Jan, 1993). 
1.1.4 Eye development 
The eye develops somewhat differently to the rest of the PNS. It consists of about 
800 identical units, ommatidia, which are arranged in a hexagonal fashion in 
repeating rows. Each ommatidium contains 8 photoreceptors (R cells) and 11 
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accessory cells; for reviews see (Cagan, 1993; Ready, 1989) (figure 1.1.4). The 
pattern of ommatidia is established during the third larval instar stage, as a wave of 
apical-basal cell constriction that is associated with differentiation (the 
morphogenetic furrow) moves across the unpatterned eye field (Heberlein and 
Moses, 1995). Cells anterior to the furrow are undifferentiated, are randomly 
arranged and also actively divide; within the morphogenetic furrow, the cells are 
arrested in Gi and fate specification begins (Thomas et al., 1994; Wolff and Ready, 
1991). The morphogenetic furrow is associated with the expression of the proneural 
gene ato, which is required for the specification of the R8 (or founder) 
photoreceptors (Jarman et al., 1994; Jarman et al., 1995). The R8 precursors are 
specified in a precise pattern that prefigures the arrangement of ommatidia in the 
adult eye. The differentiating R8 precursors begin a process of inductive recruitment 
which will eventually result in the other R cells and various accessory cells joining 
the ommatidia. R2 and R5 are recruited first, followed by R3 and R4; at this point all 
the unspecified cells divide synchronously (the second mitotic wave, SMW) (Wolff 
and Ready, 1991). Following the SMW, Ri and R6, the R7 and then the accessory 
cells (the cone cells and pigment cells) are recruited to the ommatidia (Cagan, 1997; 
Freeman, 1996; Tomlinson and Ready, 1987). Rows of ommatidia at various stages 
of assembly can be seen across the eye disc (figure 1.1.4). Inductive Egfr signalling, 
mediated by the ligand Spi, is required to recruit the outer R cells and accessory 
cells, although other cues are also necessary (Flores et al., 2000; Freeman, 1996; Tio 
and Moses, 1997; Xu et al., 2000). For example, the recruitment of the R7 cell 
requires two RTK signalling events, one mediated by the Egfr and Spi, and one 
mediated by the eye specific RTK Sevenless and its ligand Bride of Sevenless (Boss) 
(Freeman, 1996). Any cells that have not been fated by the end of pupation undergo 








Figure 1.1.4 Eye development 
(A) Transverse section through the adult compound eye. The photoreceptors of one 
ommatidia are labelled. R8 is located in the centre, surrounded by R1-6 (the outer 
photoreceptors). R7 is located above the plane of the section, immediately above the R8 
cell. The R cells are surrounded by pigment cells, and the cone cells are located above the 
plane of the section. Note that the ommatidia are arranged in straight lines. (B) Diagram of 
Atonal protein expression in the third larval instar eye disc. [The inset shows a third larval 
instar eye-antenna[ disc labelled to show Atonal in brown and a neural marker in blue 
(courtesy of Petra zur Lage)]. i. The stripe of Atonal expression. ii. The intermediate clusters. 
iii. The equivalence groups. iv. The R8 precursors. (C) Confocal image of a third larval instar 
eye disc, antibody labelled to show Atonal in green, the R8 marker Senseless in red and the 
neural marker ELAV in blue. Note that Atonal expression is switched oft after two rows but 
Senseless is maintained. The ommatidia are arranged in straight lines and the ELAV reveals 
that ommatidia in progressive stages of assembly can be seen across the disc. 
ato is initially widely expressed in the morphogenetic furrow, and has to be restricted 
to the single R8 precursors (Jarman et al.. 1994). Restriction of ato expression in the 
eye requires the activity of the Notch signalling pathway (Baker et al., 1996). ato 
expression in the eye has been described in great detail (illustrated in figure 1.1.4) 
(Baker et al., 1996; Dokucu et al., 1996; Jarman et al., 1994). ato is initially 
expressed at a low level in a stripe of cells just anterior to the morphogenetic furrow. 
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This expression is initiated by the Hedgehog signalling pathway. Hedgehog is 
expressed by the developing ommatidia posterior to the morphogenetic furrow, and 
diffuses anteriorly to activate ato expression and propagate anterior movement of the 
furrow. Hedgehog appears to have both direct and indirect effects on ato expression 
and furrow movement (Curtiss and Mlodzik, 2000; DomInguez, 1999; Dominguez 
and Hafen, 1997; Dominguez et al., 1998; Greenwood and Struhi, 1999; Heberlein et 
al., 1993; Kumar et al., 1998; Ma et al., 1993; Strutt and Mlodzik, 1997). 
ato expression is upregulated from the initial stripe, and it is expressed at a higher 
level in groups of 12 to 15 cells, the intermediate groups which are analogous to the 
PNCs of the bristles. A proneural (ato activating) function of the Notch signalling 
pathway is required for the upregulation of ato expression from the stripe to the 
intermediate groups. Notch may be required both for the repression of negative 
regulators of ato (emc and h), and for the relief of Su(H)-mediated transcriptional 
repression of ato. This proneural activity of Notch may be induced by Hedgehog 
signalling (Baker and Yu, 1997; Baonza and Freeman, 2001; Li and Baker, 2001; 
Nagel and Preiss, 1999). Two different enhancer elements are required for these 
phases of ato expression. The initial stripe of ato is mediated by an enhancer located 
3' of the open reading frame. The expression in the intermediate groups and at all 
later stages requires an enhancer sequence located in the 5' region. This 5' enhancer 
is also dependent on ato function (Sun et al., 1998). This is slightly different to the 
situation in the macrochaetae PNCs, where sc is only required for the expression in 
the SOP itself (Culi and Modolell, 1998). 
Within the intermediate clusters, a group of 2 to 3 cells which express ato more 
strongly and have raised apically nuclei can be distinguished; an apical movement of 
the nucleus is a sign of cell fate commitment in the eye (Tomlinson, 1985). These 
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cells are described as the R8 equivalence group, and one of them will differentiate as 
the R8 precursor. There is genetic, as well as morphological, evidence that the R8 
equivalence group is a distinct entity within the intermediate group. The R8 
equivalence group all express Sens protein at low levels (Sens is required in all 
neural precursors to reinforce proneural gene expression and initiate neural 
development) (Frankfort et al., 2001; Noloet al., 2000). Moreover, several different 
mutant/experimental conditions can specifically prevent resolution of ato expression 
from the equivalence group to a single R8 precursor (Dokucu et al., 1996; Ellis et al., 
1994; Lee et al., 1996; White and Jarman, 2000). Once ato expression has been 
resolved from the equivalence groups to single R8 precursors, it remains expressed in 
those cells for a further 6 to 8 hours. 
Resolution of ato expression within the intermediate groups and the equivalence 
groups requires inhibitory Notch signalling, but Notch is not required in order to 
repress ato after the R8 precursor has been singled out (Baker et al., 1996; Baker and 
Zitron, 1995). N and Dl proteins (and mRNA) are expressed ubiquitously within the 
intermediate groups, similarly to the situation in the bristle PNCs (Baker and Yu, 
1998). Furthermore, the likelihood of a cell within the equivalence group being fated 
as the R8 precursor cannot be biased by it having a different copy number of N or Dl 
compared to its neighbours (Baker and Yu, 1998). For these reasons, the selection of 
the R8 precursor from the equivalence groups is thought to require an as yet 
unknown mechanism to protect one cell from the effects of Notch signalling (Baker, 
2000). 
For the R8 precursors to develop in the correct positions, it is necessary for the 
intermediate groups to be correctly spaced relative to one another. Mutations that 
affect the Notch signalling pathway can alter the spacing of the intermediate groups 
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and hence the final pattern of R8 precursors (Baker et al., 1990; Baker et al., 1996; 
Baker and Zitron, 1995). Similarly, altering the levels of Egfr pathway signalling 
affects R8 spacing (Baker and Rubin, 1992; Baonza et al., 2001; Chen and Chien, 
1999; Dominguez et al., 1998; Lesokhin et al., 1999; Yang and Baker, 2001). 
White and Jarman investigated the roles of ato in the R8 precursor using a 
hypomorphic allele of ato, ato2 (White and Jarman, 2000). In at02 the 5' R8 enhancer 
element has been separated from the ato coding region. ato expression initiates 
normally but is not maintained in the R8 precursors. If ato2 is placed 
transheterozygous to a null ato allele ato1 , R8 precursors are specified but do not 
then maintain ato expression. Some R8 precursors do develop but appear to be 
functionally compromised; both photoreceptor recruitment and axon guidance are 
abnormal. This indicates that ato controls some of the neural properties of R8 
photoreceptors (White and Jarman, 2000). 
1.2 Misexpression analysis of atonal function in 
developing neural precursors 
Many studies of proneural gene function have concentrated on their role in providing 
neural competence. However, there is a growing body of evidence to suggest that 
some proneural genes also have later functions in developing neural precursors. The 
analysis of the at02 allele, which showed that ato controls specific properties of the 
R8 precursor, has already been alluded to (White and Jarman, 2000). Misexpression 
studies using both sc and ato have demonstrated that ato has a variety of roles in 
developing neural precursors (Jarman and Ahmed, 1998; White and Jarman, 2000; 
zur Lage et al., 1997). 
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1.2.1 atonal regulates chordotonal-specific features of the 
chordotonal SOPs 
ato seems to control specific features of ch SOPs that make them distinct from the es 
SOPs (Jarman and Ahmed, 1998; zur Lage et al., 1997; zur Lage and Jarman, 1999). 
This has been demonstrated by the ectopic expression of ato in the third larval instar 
es organ PNCs which transformed es organs to ch organs, even thoughsc could not 
perform the reciprocal transformation (Jarman and Ahmed, 1998). Jarman and 
Ahmed illustrated that Ato acts partially by repressing cut expression (cut is 
expressed in all es organ SOPs, and ectopic expression of cut can transform ch 
organs to es organs) (Blochlinger et al., 1991; Bodmer et al., 1987; Jarman and 
Ahmed, 1998). Furthermore, Ato protein in the developing ch SOPs appears to be 
able to activate the expression of rho to recruit more cells to the SOP fate (Okabe 
and Okano, 1997; zur Lage et al., 1997; zur Lage and Jarman, 1999). 
1.2.2 atonal regulates some aspects of R8 precursor function 
The identity of the eye is controlled by a group of 'master regulator' genes, which 
are themselves controlled by various intercellular signalling pathways (Kumar and 
Moses, 2001a; Treisman, 1999). However, ato still has specific roles in the R8 
precursors after their specification. If ato expression is reinforced and prolonged in 
the R8 precursor (where it is normally downregulated), using the Ga14 driver 
109-68Gal4 and UASatonal (ato'0968), an adult rough eye phenotype results (figure 
2.1.1). Expression of other proneural genes with 109-68Ga14 could not produce a 
rough eye (White and Jarman, 2000). Analysis revealed that ato'°968 eyes showed 
excessive recruitment of outer R cells, which is consistent with the defects in ato2 . 
Moreover, overexpressing ato specifically in the R8 precursor could non-
autonomously affect the process of R8 selection. In ato'0968 eye discs, R8 precursors 
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were frequently misspaced relative to one another, and ato expression did not always 
resolve to solitary R8 precursors; the R8 precursors were often juxtaposed (twinned) 
(White and Jarman, 2000). The ato'°968 phenotypes may reflect some of the 
endogenous functions of Ato in the R8 precursor. 
Genetic interaction experiments have shown that the extra external R cells in ato'0968 
eyes are caused by an upregulation of Egfr pathway signalling (White and Jarman, 
2000). Mutations reducing the efficiency of RTK signalling could suppress the 
additional R cell recruitment. Moreover, the requirement for sevenless in R7 
recruitment was bypassed in ato'0968, and this is indicative of an increase in levels of 
Egfr pathway signalling (Freeman, 1996; White and Jarman, 2000). 
The defects in R8 spacing in ato'0968 are associated with changes in RTK and 
Hedgehog signalling (White and Jarman, 2000). Mutations in raf strongly suppressed 
the R8 patterning defect and the R cell recruitment defect, whereas mutations in the 
Egfr itself could only suppress the recruitment defect. The defects in R8 spacing in 
ato'°968 could therefore be mediated by hyperactivation of an RTK other than the 
Egfr (White and Jarman, 2000). Mutations which reduce levels of Hedgehog 
signalling strongly suppress the ato'0968 R8 spacing defects, whereas mutations that 
increase Hedgehog signalling enhance these defects (White and Jarman, 2000). 
There is evidence that levels of Hedgehog signalling may be slightly increased in 
ato'°968 eye discs. However, upregulation of Hedgehog signalling alone cannot cause 
R8 patterning defects (White and Jarman, 2000). The ectopic ato could be affecting 
Hedgehog signalling in a way which is more subtle than simply upregulation. 
Alternatively, the effects on Hedgehog and RTK signalling may be co-operating to 
cause the R8 patterning defects in ato10968 . It has been suggested that Raf acts 
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downstream of Hedgehog signalling to activate ato expression during wildtype 
furrow progression (Greenwood and Struhl, 1999). 
The ato'°968 eye discs show incomplete resolution of ato expression which causes 
pairs of, or 'twinned', R8 precursors to develop (White and Jarman, 2000). Similarly, 
incomplete resolution of ato expression, and hence R8 twinning, can be seen if N 
function is removed in the equivalence group (Lee et al., 1996). This phenotype is 
also seen in mutations that specifically affect equivalence group resolution: scabrous 
(sca) and rough (ro) (Dokucu et al., 1996; Ellis et al., 1994). The ato'0968 adult rough 
eye phenotype can be dominantly modified by mutations in Dl, sca and ro (White 
and Jarman, 2000). This suggests that it is the endogenous mechanisms that mediate 
R8 singling out which are altered in ato10968 . In ato'0968 , the ectopic ato expression 
occurs after R8 singling out has taken place, so a change in R8 behaviour is 
somehow being transmitted to the developing rows of R8 precursors. However, the 
mechanism for this remains uncharacterized (White and Jarman, 2000). 
Atonal may directly activate rhomboid (rho) in the R8 precursor; indeed rho may be 
a generic target of ato as it appears to be expressed in all ato-dependent neural 
precursors (Baonza et al., 2001; White and Jarman, 2000; zur Lage et al., 1997; zur 
Lage and Jarman, 1999). However, the relationship between Ato and the other 
signalling pathway(s) that are altered in ato'0968 remains unknown. 
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1.3 Aims of this study 
Previous analysis has shown that ato may have a role in several functions that are 
performed by the developing R8 precursors: R cell recruitment, patterning of the next 
row of R8 precursors, resolution of ato expression and axon guidance (White and 
Jarman, 2000). The aim of my study was to characterize more fully the roles of ato in 
the R8 precursor. The approach I took was to characterize a number of modifiers of 
the ato'°968 phenotype. These modifiers were dominant second site modifiers of 
ato'°68 , which were isolated in an EMS mutagenesis screen by Neil M White 
(Jarman lab). The modifiers were therefore isolated in an unbiased fashion and 
should truly reflect ato function in the R8 precursor. My analysis revealed that a 
number of these ato'0968 modifiers were mutations in the Hedgehog or RTK 
signalling pathways (chapter 2). This confirmed that the screen did indeed identify 
genes that were intimately connected to the function of ato. 
One of the ato'°968 modifiers was found to be a mutation in the gene echinoid, which 
encodes a neural cell adhesion molecule (Bai et al., 2001). Subsequent analysis 
revealed that Echinoid functions specifically in the restriction of neural fate in both 
ato and ac/sc-dependent proneural clusters (chapter 3), a function which is novel and 
unexpected. Analysis of Echinoid function revealed a hitherto unsuspected 
complexity in the process of R8 photoreceptor fate determination. Surprisingly, even 
though EGF receptor signalling is not absolutely required for R8 fate determination, 
the mutant phenotype of echinoid in the eye is caused by inappropriate EGF receptor 
signalling, suggesting that its wildtype function is to suppress such activity. This 
Egfr signalling event has been investigated further (Chapter 4). 
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2 
Initial characterization of second 
site modifiers of the activated 
atonal phenotype 
2.1 Introduction 
Dominant second-site modifier screens 
Dominant modifier screens have been widely and successfully used to identify genes 
that function in a common process or pathway (for example (Dickson et al., 1996; 
Go and Artavanis-Tsakonas, 1998; Karim et al., 1996; Price et al., 1997a; Raftery et 
al., 1995; Taguchi et al., 2000). They are designed to isolate dominant modifiers of a 
dominant phenotype in the Fl generation, without the need to examine the 
homozygous phenotypes of a mutation. This allows the isolation of genes that have 
more than one function during development which often have recessive phenotypes 
and may be homozygous lethal. To do this, they rely on a genetic background that is 
highly sensitive to modification even by one copy of a hypomorphic mutation. The 
eye is not essential for viability in the laboratory and dominant modifier screens are 
frequently based on eye phenotypes. P element collections, as well as chemical or 
radiation-induced mutations, have been used in dominant modifier screens. 
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Dominant modifier screens have frequently been used to isolate genes within a 
pathway for example (Taguchi et al., 2000; Verheyen et al., 1996). The mutations 
that are recovered are often very close in the pathway to the gene that the screen was 
centred around. This has been illustrated very clearly for the MAPK pathway, for 
which successive screens based on phenotypes caused by mutations/misexpression of 
genes progressively further down the pathway have been used to characterize it 
(Dickson et al., 1996; Karim et al., 1996; Rebay et al., 2000; Simon et al., 1991). 
Screens to identify genes involved in a particular process have also been successful. 
For example, a screen was performed based on ectopic seven-up (svp) [a member of 
the nuclear hormone receptor superfamily that is required for R3/4 and R1/6 subtype 
identity (Mlodzik et al., 1990b)] expression in a subset of the photoreceptors 
successfully identified genes involved in photoreceptor differentiation (Begemann et 
al., 1997). 
Dominant second site modifiers of ato' °968 
The ato'°968 phenotype is stable, can be modified by loss of a single copy of a gene 
and appears to reflect specific, and as yet ill-characterized, functions of ato in the R8 
precursor and during intermediate cluster resolution (White and Jarman, 2000). 
These factors make the atoll-61  phenotype ideal for use in a dominant second-site 
modifier screen to attempt to further characterize the functions of Ato. Drawing on 
the example of the screens used to elucidate the MAPK signalling pathway (above), 
a dominant modifier screen based on ato'°968 should hopefully isolate mutations in 
genes that are directly activated by Ato or affect the same processes as Ato. 
However, dominant modifier screens cannot be entirely specific and in the case of 
ato'°968 there are various categories of mutations that could potentially be isolated: 
1. Mutations in genes that are responsible for transducing Ato's normal function in 
the R8 photoreceptor and intermediate clusters. Given the genetic interactions of 
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ato'°968  (White and Jarman, 2000), these are likely to include genes affecting 
RTK or Hedgehog signalling pathways. 
Mutations that alter the ato'°968 phenotype because of their effects on the 
recruitment of the external photoreceptors, rather than having a direct interaction 
with Ato. This class could include genes that affect the second mitotic wave, such 
as the Egfr (Baker and Yu, 2001) or cdc25 (string) (Mozer and Easwarachandran, 
1999). 
Genes that affect the normal activation/restriction of ato expression in the furrow, 
for example N (Baker et al., 1996; Baker and Yu, 1997; Baonza and Freeman, 
2001). These could alter the aW' 0968 R8 spacing or twinning phenotypes. 
Mutations that alter cell synchronisation across the eye disc, particularly in the 
morphogenetic furrow. These could affect furrow progression and hence R8 
patterning in ato10968 , for example roughex (rux) which is required for cell 
synchronisation in GI in the furrow (Thomas et al., 1994; Thomas et al., 1997). 
Genes that are normally involved in downregulation of ato expression in the 
presumptive R8, as this is where ato is being artificially driven in ato'°968 . 
Mutations affecting the general level of transcription or translation. These will 
alter the level of ato expression driven by the Ga14 line and hence change the 
phenotypes. 
The ato' °968 modifier screen 
Neil M White (Jarman lab) performed an EMS mutagenesis screen for dominant 
second-site modifiers of ato'0968 (figure 2.1.1). The ato'0968 phenotypes are most 
penetrant at 29°C (because the Gal4/UAS system is temperature sensitive); 
accordingly the crosses for the interactions with ato'°968 were all performed at 29°C. 
Approximately 20 000 Fl flies were scored, Fl individuals that displayed an 
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rescored in their progeny and they were mapped to a particular chromosome. 76 
ato'°68  modifiers were recovered. 25 of the modifiers enhanced the ato '°68 rough 
eye and 51 suppressed it (NMW pers. comm.). The ratio of enhancers to suppressors 
identified in dominant modifier screens varies. A brief survey of the literature 
suggests that typically there are either equal numbers or more suppressors, consistent 
with the results of the ato '°968 screen. 45 of the modifiers obtained were homozygous 
lethal, and these fell into 44 complementation groups (NMW pers. comm.). This 
suggests that a large number of different genes can interact with ato'°9 and that the 
screen was not saturating. However, this was a very small screen, dominant modifier 
screens have frequently involved more than 100 000 Fl flies. The remaining 31 
modifiers were homozygous viable and mostly displayed no visible adult phenotypes 
(NMW pers. comm.). 
~ F-~ 
Figure 2.1.1 Modification of ato 10968 
(A-C) SEMs of adult eyes, images courtesy of Neil White. (A) Su(ato' 09-68  141 ato104. (B) 
ato 109 1 +. (C) E(ato 10968)6. 107/ ato109. 
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The Ga14/UAS system is highly sensitive to changes in the levels of protein 
expression, hence the collection of ato'0968 modifiers was likely to include mutations 
affecting protein levels. To identify mutations that altered expression of the Ga14 
element itself, the at01168 modifiers were crossed to GMRGa14. GMRGa14 has a 
rough eye phenotype that does not depend on the presence of UAS element (White 
and Jarman, 2000). One line modified both aw'°968 and GMRGaI4, and was mapped 
to the same location as a ribosomal protein. It was not characterized further (NMW 
pers. comm.). Of course any modifiers that altered some other aspect of the 
Ga14/UAS system, such as the protein interactions, would not have been identified 
by crossing to GMRGaI4. 
My experimental approach 
During the first part of the project, my aim was to perform the initial characterization 
of a number of mutations in order to identify those that appeared to be closely linked 
to Ato function, which may be only a very small fraction of the mutations obtained. 
To this end, I mostly investigated homozygous lethal mutations that mapped to the 
second chromosome. The homozygous lethal lines were chosen because the majority 
of the viable mutations had no visible homozygous phenotypes in the absence of 
ato'°68, making them very difficult to study. Nevertheless one of these homozygous 
viable lines was also characterized because of its highly suggestive interaction with 
ato'°968 (see later). The following paragraphs contain a brief description of my 
experimental design and the results are presented modifier by modifier in the next 
sections. 
The modifiers I chose to investigate were first subjected to complementation tests 
with a number of mutations that are known to affect eye development (table 1, 
Appendix D). A sub-set of these ato'°68 modifiers were then characterized further. 
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Initially, both the lethality and interaction phenotypes were mapped by 
recombination using a multiply-marked second chromosome (figure 1, Appendix A). 
If the chromosome was found to harbour more than one mutation, the lesions were 
separated at this stage. A more exact map position for the ato'°968 interacting 
mutation was then obtained by complementation analysis using the deficiencies 
available in the relevant region (Appendix B). This mapping data allowed me to take 
advantage of the information available on 'Flybase' (http://flybase.bio.indiana.edu ) 
to identify P element insertions and candidate genes in the region (Appendix Cm). If 
stocks of these were obtainable, they were used in complementation tests. 
Phenotypic analysis of the lethal second chromosome mutations involved 
determination of the stage of lethality using the Black cells marker to identify 
homozygotes. The embryonic PNS was visualised with mAb 22c10 (Zipursky et al., 
1984) to identify any specific aberrations; the homozygotes were not labelled in 
these experiments. I also made recombinant chromosomes between individual 
modifiers and FRT sites, in order to make homozygous clones of the mutations. Heat 
shock inducible Flippase and a white marker were used to make homozygous clones 
in the adult eye, which were subsequently sectioned to determine their internal 
structure. 
2.2 Characterization of homozygous lethal 
ato10968 modifiers on the second chromosome 
2.2.1 E(ato10968)1. 1 
E(ato'°68)1.1 is homozygous lethal and has a dominant rough eye phenotype. 
Preliminary recombination mapping data suggested that it may map to 25A2; 34D1-3 
(NMW pers. comm., data not shown). I repeated the recombination mapping using 
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the dominant rough eye of the mutation in the Fl generation (table 2. 1, Appendix A). 
This revealed that E(ato'°968)1.1 was located at 21C2; 25A2, the same region as Star 
(5). S is a component of the Egfr signalling pathway (Bang and Kintner, 2000; 
Guichard et al., 1999; Hsiung et al., 2001; Kolodkin et al., 1994; Lee et al., 2001). 
Like E(atobO968)1.1,  S mutations have a dominant rough eye phenotype (Lindsley and 
Zimm, 1992). E(ato'°968)1.1 does not complement the S mutations, 5X155 , 5671 
E(ato'°968)1. 1 was designated an allele of S and not characterized further. Ato in the 
eye and the ch organs may directly activate Egfr signalling (Baonza et al., 2001; 
White and Jarman, 2000; zur Lage et al., 1997; zur Lage and Jarman, 1999). The 
isolation of a mutation in S as a ato'°968 modifier confirms that genes intimately 
linked to Ato function have been isolated in the screen. 
2.2.2 E(ato10968)5. 18 
Recombination mapping revealed that this line contained two lethal mutations, one at 
25A1-2; 34D5 and a second at 52D3; 58E4 (table 2.2, Appendix A). These data were 
inconclusive about the position of the ato'°968 modifier. The two lethal mutations 
were recombined away from each other and retested for ato'0968 modification; this 
showed the modifier was located at 52D3; 58E4 (data not shown). In the meantime 
both of the lethal mutations were mapped using deficiencies and preliminary 
phenotypic work completed. 
The map position of the first lethal mutation was refined to 29C3-5; 30A1-2 as 
E(ato'°968)5. 18 does not complement Df(2L)N22-5 (breakpoints 290-5; 3008-9) but 
does complement Df(2L)N22-3 (breakpoints 30A1-2; 30D1-2). E(ato'°968)5.18 does 
not complement a lethal P element insertion, P(1acW)1(2)Sema1d 13702 (29E1-2). This 
is a hypomorphic allele of the gene Semaphorin-la (Sema-la), which is involved in 
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axon pathfinding in the central nervous system (CNS) of the embryo (Isbister et al., 
1999; Kolodkin et al., 1993; Yu et al., 1998). There is no evidence that Sema-la has 
a function in cell fate determination, and indeed P(lacW)l(2)S ema 1 ak 3702  does not 
modify ato'°968 (data not shown). Therefore, the original E(ato'0968)5.18 stock carried 
a mutation in Sema-la but this is not the ato'0968 modifier. 
The second lethal mutation in E(ato10968)5. 18 (which is also the ato'°968 modifier) 
does not complement Df(2R)Jp8 (52F5-9; 52F10-53A1) and Df(2R)P34 (55E2-4; 
56B 1-C1) but does complement Df(2R)Jpl (51C3; 52F5-9), putting it in 52F-53A1. 
Three genes involved in neurogenesis are located in or near this region. ES2-1 
(Enhancer of GMR-sina 2-1) maps to 5 1C3; 521 79. Although ES2-1 enhances the 
GMR-sina rough eye phenotype mutant clones of wildtype phenotype can be 
observed, and therefore it is dispensable for normal eye development (Neufeld et al., 
1998). Rho], a small GTPase which mediates actin dynamics (Eaton et al., 1995), is 
also localised to this region (52E11-52F1). In the eye, Rho] mutants cause a 
disruption of ommatidial polarity (Fanto et al., 2000). ato'0968 does not interact with 
any of the tissue polarity mutations that have been tested so Rho] is unlikely to be 
affected by E(ato'°968)5. 18 (NMW pers. comm.). The pan-neural bHLH transcription 
factor encoding gene cousin of atonal (cato) maps very close to the E(ato'°68)5. 18 
ato'0968 modifier at 53A3-5. cato is not expressed in the eye (Goulding et al., 2000a), 
although it is possible that E(ato'°968)5. 18 could ectopically activate cato in the eye 
which could mimic ato (Goulding et al., 2000a). A deficiency that uncovers cato has 
been isolated by David Prentice (Jarman lab), this complemented E(ato'0968)5.18. 
Furthermore, mRNA in situ hybridisation using a cato probe showed that cato is not 
ectopically activated in E(ato'°968)5.]8/ CyO eye discs (figure 2.2.1). Therefore 
E(ato'0968)5.18 is not an allele of cato. 
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Homozygous mutant E(ato'°9 68)5•  18 embryos stained with mAb 22c 10 display an 
axon guidance phenotype (data not shown). These embryos contained both of the 
lethal mutations that have been identified and the phenotype is likely to be caused by 
the Serna-la mutation. 
Figure 2.2.1 cato expression in E(ato108)5.18 
(A-C) antisense cato mRNA probe on imaginal tissue, anterior is to the left in all panels. (A) 
Wildtype eye-antennal disc. A few cells in the antennal anlagen express cato mRNA. (B) 
E(ato108)5. 18/ CyO eye-antennal disc, there is no increase in cato mRNA expression. (C) 
Wildtype leg disc (positive control) cato mRNA can be seen in the developing femoral 
chordotonal organ (arrow). 
2.2.3 E(ato 10968)6. 107 
The ato" 	modifier was homozygous lethal and located at 34D5; 38B5 from 
recombination mapping. There is a second lethal mutation, at 52D3; 58E4, which 
was removed (table 2.3, Appendix A). The map position of the ato'°68 modifier was 
further refined to 36Fl by inclusion in Df(2L)TW137 (36C2-4; 37B9-C1) but not 
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Dft2L)H20 (36A8-9; 36E1-2) or Df(2L)7W50 (36E4-Fl; 38A6-7, not including 36F). 
Three P element insertions were available in this region, all of which complemented 
E(ato'°968)6.107 (Appendix C), including a P element allele of Fasciclin 3 (Fas3), 
which is involved in axon pathfinding in the embryonic CNS (Chiba et al., 1995). 
There are no other candidate genes in 36F. 
E(ato'068)6.107 homozygotes die during embryogenesis (data not shown) but no 
specific defects were observed in embryos stained with the neural marker mAb 
22c10 (data not shown). Sections through E(ato'°968)6.107 homozygous clones in the 
adult eye showed no defects in the number or arrangement of the photoreceptors or 
in ommatidial positioning (figure 2.2.2). However, the region of the clone appeared 
to degenerate somewhat in older flies (newly eclosed and three week old flies were 
sectioned), something that was never seen outside the clone (figure 2.2.2). 
Light-dependent cell death in the retina can be caused by over-activation of the 
phototransduction pathways, which causes necrotic cell death (Kiselev et al., 2000). 
Alternatively, a second class of light-dependent retinal degeneration mutants require 
the activation of rhodopsin but not the phototransduction cascade (Kiselev et al., 
2000). An example is retinal degeneration C (rdgC), which is a rhodopsin-specific 
phosphatase. In rdgC mutant clones the R cells degenerate followed by the expansion 
of the accessory cells (Davidson and Steller, 1998; Steele et al., 1992). 
E(ato1068)6.107 is likely to fall into one of these classes. It is not clear why such a 
late-onset defect should enhance the ato'°968 rough eye phenotype. Possibly, 
E(ato'°968)6. 107 also has earlier redundant functions in eye development which are 
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Figure 2.2.2 Homozygous adult eye phenotypes of ato10968 modifiers 
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Figure 2.2.2 Homozygous adult eye phenotypes of ato108 modifiers 
(A-I) Sections through adult eyes. The presence of pigment granules marks the wildtype 
tissue, homozygous mutant clones are marked by the absence of pigment granules (and a 
white line). (A) Wildtype clone, R7 section. (B) Homozygous E(ato1068)6. 107 clone. R8 
section. Appears wildtype. (C) Homozygous E(ato1068)6. 107 clone, R8 section from fly that 
is more than 2 weeks old. Tissue within the clone is beginning to degenerate. (D) Su(ato 10 
68)4.5 homozygous clone, R7 section. Appears wildtype. (E) Su(ato108)6.62 homozygous 
mutant-clone, - R8 section. Appears wildtype - (F-) Su('ato 10968)4. 14 homozygous-clone, =R8 
section. Wholly mutant ommatidia are never observed and the size of the clone is very small. 
(G) Su(ato 1068)4. 14 homozygous clone, R8 section, higher magnification. Mutant cells can 
take on any R cell identity within a mixed ommatidia (including R8, not shown) but are much 
smaller (arrow heads). (H) Su(ato 10968)5.25 homozygous clone, R8 section. The area of 
mutant tissue is of a wildtype size but no mutant ommatidia are visible. (I) Su(ato1068)5.25 
homozygous clone R8 section, higher magnification. At the clone borders some homozygous 
mutant cells can be seen within mixed ommatidia, they can take on any of the A cell 
subtypes (including R8, arrow) but are much smaller. 
2.2.4 E(ato10968)6. 130 
Preliminary recombination and deficiency mapping had suggested that 
E(ato'°968)6.130 contained only one lethal mutation, which also modified ato'0968 and 
was uncovered by Df(2L)b87e25 (34C1; 35C1) (NMW pers. comm.) I repeated the 
mapping of E(ato'0968)6. 130 using both recombination and complementation tests 
with deficiencies. My recombination mapping experiment identified two lethal 
mutations in the region 38B5; 52D3 that are very closely linked and hence rarely 
separated (table 2.4, Appendix A). Neither a lethal mutation nor an interaction with 
ato'°968 were identified in the 34C1; 35C1 region. Furthermore, E(ato'0968)6130 
complemented all the available deficiencies and transposon insertions from 34 to 36 
(including Df(2L)b87e25). Additional complementation tests placed the lethality at 
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44C1; 44D2-E1, as E(ato10968)6.130 does not complement Df(2R)44E ( 44C1-2; 
44E1-4) but does complement Df(2R)H3EJ ( 441); 44F12) and Df(2R)Np3 (44D2-E1; 
45B8-C1). patched (ptc) is involved in Hedgehog (Hh) pathway signalling and maps 
to 44D3-4 (Chen and Struhl, 1996; Hepker et al., 1997; Ma and Moses, 1995). 
E(ato'°968)6.130 was not complemented by a null or a hypomorphic allele, ptc9 and 
ptc5 respectively. It also suppressed the wing vein phenotype of cubitus interuptus', 
although it showed no genetic interactions with fused', costal5 and hh which are 
also involved in Hh signalling (Ingham, 1998). Furthermore, E(ato'°968)6.130 
recombinant chromosomes that replaced the region from the tip of 2L to 34D5 with 
al, dp, b were made and tested for complementation with ptc9, E(ato'°968)6.130, 
Df(2L)b80a2, and ato10968 . They behaved in exactly the same way as the original 
chromosome, confirming that there was no mutation in 34C1; 35C1. ptc9/ 
E(ato' °968)6.130 embryos had a ptc-like cuticle phenotype (data not shown). 
E(ato'°968)6. 130 was considered to be another allele of ptc. 
E(ato'0968)6.130 was found not to complement E(ato'0968)9.2, which appears to be a 
small deficiency that uncovers ptc (NMW pers. comm.). The isolation of two alleles 
of ptc as ato'°968 modifiers in an undirected fashion confirms that the screen is 
behaving as predicted, but also supports the hypothesis that there is a close link 
between Ato and the Hh signalling pathway in the eye. 
2.2.5 Su(ato10968)4.5 
Recombination mapping experiments suggested that this line contained one lethal 
mutation that also interacted with ato'0968 and mapped to 38135; 52D3, although there 
was a little ambiguity (table 2.5, Appendix A). However, finer mapping using 
deficiencies revealed that Su(ato'°68)4.5 actually contains two very closely linked 
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lethal mutations. The first was uncovered by Df(2R)Npl (44172-3; 45C6) and 
Df(2R)Np5 (44F10; 45D9-E1) but complemented by Df(2R)H3EJ (441); 44F12) and 
Df(2R)w73-1 (45A9-10; 45D5-8), putting it at 44F12; 45A9-10. The second lethal 
mutation was not complemented by Df(2R)44CE (44C4-5; 44E2-4), Df(2R)Np3 
(44D2-El; 45138-C1) and Df(2R)H3D3 (44D4; 44174-5). This puts it around 44D1; 
44E1. I tested the non-complementing deficiencies for their ability to modify ato'0968 
to determine which of the mutations on the Su(ato'0968)4.5 chromosome was likely to 
be the ato'0968 modifier. Df(2R)Np5 suppressed the ato10968 eye phenotype strongly, 
and Df(2R)Npl did so more weakly. In contrast, Df(2R)44CE, Df(2R)Np3 and 
Df(2R)H3D3 did not modify ato10968, suggesting that only the mutation at 441712; 
45A9-10 suppresses ato'°968. Transposon insertions in both regions were tested for 
complementation with Su(ato'°968)4.5. All available insertions complemented 
Su(ato'°968)4.5, including an insertion in rubberneck (rubr) which affects the position 
of the embryonic lateral chordotonal organs (Kania et al., 1995) (Appendix Q. 
Su(ato'0968)4.5 also complements ptc9 . 
The region 44F12; 45A9-10 contains two candidate genes which are involved in 
some aspect of nervous system development, anachronism (ana) is located at 
45A1-9 and encodes a secreted glycoprotein that is involved in the proliferation of 
neuroblasts in the CNS including the optic lobe (Ebens et al., 1993). ana mutants are 
unlikely to suppress ato'0968 because it is not expressed in the PNS and moreover, 
ana mutants show excessive neuroblast proliferation (Ebens et al., 1993). The other 
candidate gene is Van Gogh (yang) which is located at 45A7-10; mutations of which 
affect the chirality of ommatidia and so give an adult rough eye phenotype in clones 
(Taylor et al., 1998; Wolff and Rubin, 1998). However, Su(ato'0968)4.5 is unlikely to 
be a mutation in yang. ato'098 has not been found to be modified by loss of one copy 
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of any tissue polarity mutants tested (NMW pers. comm.), and Su(ato'0968)4.5 
homozygous clones in the adult eye have no tissue polarity phenotype (figure 2.2.2). 
Su(ato'°968)4.5 is lethal during embryogenesis (data not shown) and homozygous 
mutant embryos had no specific PNS defects. Homozygous mutant clones in the 
adult eye had no external phenotypes (data not shown). Sections revealed that they 
had the correct arrangement and numbers of R cells and wildtype spacing of 
ommatidia (figure 2.2.2). It is not at all clear what process Su(ato'0968)4.5 is involved 
in, or how it suppresses the ato'0968 eye phenotype. 
2.2.6 Su(ato10968)5.21 
The homozygous lethality and the interaction with ato'°968 do not map to the same 
location in Su(ato'°968)5.21. The ato'0968 modifier is located at 21C2; 34D5, and the 
lethality at 38135; 52133 (table 2.6, Appendix A). Selection of recombinants that 
harboured only the ato'0968 modifier produced a homozygous viable stock with no 
visible phenotypes (data not shown). This line has not been characterized further. 
2.2.7 Su(ato10968)5.22 
In initial complementation tests with known genes Su(ato'0968)5.22 did not 
complement an allele of Son of sevenless (Sos), a guanine nucleotide exchange factor 
that activates Rasi (Bonfini et al., 1992; Karlovich et al., 1995). Recombination 
mapping revealed the presence of two lethal mutations in this line: a lethal ato'068 
modifier at 21C2; 34D5 and a second lethal at 52D3; 58E4 (table 2.7, Appendix A). 
The second lethal mutation was recombined away and all subsequent experiments 
performed with the modifier alone. Complementation tests with deficiency stocks put 
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the modifier at 23E1-2; 23E3-6, because it is uncovered by Df(2L)23C (23C; 
23E3-6) but complements Df(2L)JS32 (23C3-5; 231)1-2). Su(ato'°968)5.22 
complements the transposon insertions that are available in this region (Appendix Q. 
Su(ato'°968)5.22 does not complement Sos346 (Sos maps to 34D4). However, 
Su(ato'°968)5.22 does complement the deficiencies that uncover 34D4,Df(2L)b87e25 
(341312; 351310-C1), Df(2L)b80e3 (34C4; 35A4) and Df(2L)b8Ocl (34D3; 34E2). 
Moreover Su(ato'0968)5.22 maps to 23E. These data suggest that Su(ato'0968)5.22 is 
not an allele of Sos. Two possibilities exist, either Su(ato'°968)5.22 does not 
complement Sos346 because it is part of the MAPK signalling pathway, perhaps 
closely linked to Rasi activation. Alternatively the Sos34E6  chromosome may 
harbour a second site mutation that is lethal in combination with Su(ato'0968)5.22. To 
distinguish between these two possibilities, I looked for interactions between 
Su(ato'°968)5.22 and other mutations that affect MAPK pathway activity. Star, 
phyllopod, pointed, sevenup, argos, sevenless, Daughter of sevenless, rough, 
downstream of receptor kinase, rolled, spitz and rhomboid mutations were all tested 
for an interaction with Su(ato'0968)5.22. Su(ato'°968)5.22 suppresses the dominant 
rough eye phenotypes of S and phyllopod (phyl). The product of S is involved in the 
processing of the Egfr ligand, Spitz (Bang and Kintner, 2000; Guichard et al., 1999; 
Kolodkin et al., 1994; Lee et al., 2001). phyl acts downstream of yan to promote 
R116/7 recruitment (Chang et al., 1995). In both cases the rough eyes are caused by 
missing R cells. These interactions support the idea that Su(ato'°968)5.22 is involved 
in MAPK pathway signalling. Furthermore, Su(ato'°968)5.22 may act negatively 
within the MAPK pathway, given that it can suppress the rough eyes of S and phyl, 
both of which act positively within the pathway. 
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There are four genes in the 23E region involved in neurogenesis or the MAPK 
pathway. dorsal deviant (dode) mutants have altered chordotonal axon trajectories in 
the embryo (Kolodziej et al., 1995). This phenotype is not seen in Su(ato'°98)5.22 
homozygous mutant embryos, which have a highly disrupted nervous system (data 
not shown). Su(ato'0968)5.22 is unlikely to be a mutation of dode. An enhancer of the 
Star rough eye phenotype  has been mapped to this region (Renfranz and Benzer, - 
1989), but Su(ato10968)5.22 is a suppressor of S. E(lz)15 was identified in a screen for 
mutations that enhance lozenge (lz) mutant eye defects, and it maps to 21C1; 25A1 
(Gupta and Rodrigues, 1995). The lzts  mutant phenotype is caused by the loss of cone 
cells (Daga et al., 1996; Gupta and Rodrigues, 1995) and I predict that an enhancer 
of these phenotypes would suppress ato'0968. E(lz)15 and Su(ato'0968)5.22 may affect 
the same gene. The Drosophila melanogaster homologue of Protein Phosphotase 2a 
(Ptpa) maps to 23E6; 23F1. It is thought to be involved in various cellular processes 
including cell cycle progression and DNA replication (Janssens and Goris, 2001; 
Wassarman et al., 1996). Mutations in Ptpa have been shown to act downstream of 
Rasi in the MAPK pathway in the eye (Wassarman et al., 1996). Ptpa is thought to 
function in at least two places in the pathway; mutations can increase signalling from 
Rasi but inhibit signalling by Raf (Wassarman et al., 1996). 
Su(ato 10968)5.22 is embryonic lethal (data not shown). Unfortunately, homozygous 
mutant clones of Su(ato'0968)5.22 in the adult eye were not obtained, due to 
difficulties in making the relevant recombinant stocks. Su(ato'°968)5.22 was not 
investigated any further, but it may be interesting to do more characterization in the 
future. As Su(ato'0968)5.22 is lethal in combination with Sos34E6  but not the 
deficiencies that uncover this region, this may be an allele-specific interaction; 
unfortunately the nature of the lesion in Sos346 is unknown. Crossing 
Su(ato'°968)5.22 to other Sos mutations could be used to test if the interaction is 
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allele-specific. If so, there may be direct protein-protein interactions between Sos and 
the product of Su(ato 10968)5.22. Complementation tests with Ptpa alleles would 
determine if Su(ato'0968)5.22 is an allele of Ptpa. It would also be instructive to 
examine Su(ato'°968)5.22 mutant clones in the eye, both for any structural phenotypes 
and for the expression of MAPK pathway target genes such as pointed and yan or for 
the phosphorylation state of the MAPK itself. Su(ato 10968)5.22 homozygotes die 
during embryogenesis. The MAPK pathway is used many times throughout 
embryonic development. Su(ato'°968)5.22 homozygous embryos may have 
phenotypes that reflect this, for example at the midline or in the tracheal system. 
2.2.8 Su(at010968)6.62 
Recombination mapping experiments identified one lethal mutation, which is also the 
ato'°968  modifier at 34D5; 38135 (table 2.8, Appendix A). Su(at010968)6.62 does not 
complement Df(2L)TW50 (36E4-F1; 38A6-7) and Df(2L)pr-A20 (38A1; 38136-C1), 
which places it at 38A1; 38A6-7. It complements all of the available transposon 
insertions in this region (Appendix Q. 
There are three candidate genes in 38A. sine was identified as a gene which may 
affect photoreceptor number in the Boiwigs Organ (Holmes et al., 1998). screw (scw) 
is a member of the TGF-f3 superfamily that is involved in Dpp signalling in the 
embryo (Arora et al., 1994); Dpp signalling is important in morphogenetic furrow 
progression (Baonza and Freeman, 2001; Chanut and Heberlein, 1997; Greenwood 
and Struhi, 1999). sAM16 was isolated as a suppressor of the sevNotchtw  phenotype 
(Verheyen et al., 1996). However, I predict that suppressors of sev-Notch' should 
enhance ato10968 (section 2.2.10), so Su(ato'°968)6.62 is unlikely to be another allele 
of sAMJ6. 
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Su(ato'°968)6.62 is homozygous lethal during embryogenesis (data not shown). 
Homozygous mutant clones in the adult eye display no phenotypes in either the 
positioning of the ommatidia or the number and arrangement of the outer R cells 
(figure 2.2.2). It is not clear what Su(ato'°968)6.62 may encode, or how it interacts 
with ato'0968 . 
2.2.9 Su(ato10968)7.20 
Recombination mapping identified one lethal mutation in the region 52D3; 58E4. 
The ato'°968 modifier appeared to map elsewhere (table 2.11, Appendix A). All of the 
available deficiencies were complemented by Su(ato' °968)7.20. Flies without the 
lethal mutation could still suppress the ato10968 rough eye phenotype but were now 
semi-viable; any homozygotes had long slender bristles (data not shown). These are 
characteristics of Minute loci which usually affect levels of protein synthesis and 
often encode ribosomal proteins (Kongsuwan et al., 1985; Vaslet et al., 1980). 
Su(ato'0968)7.20 may modify atoll-18  because of non-specific effects on the levels of 
Ato protein. This line has not been characterized further. 
2.2.10 Su(ato10968)4. 14 
Su(ato'°968)4.14 has a single lethal mutation that modifies ato10968 and is located to 
25A2; 34D5 from recombination mapping (table 2.6, Appendix A). 
Complementation tests with deficiencies in this region refined the map position to 
33F1-2; 34A1-2 as Su(ato'°968)4.14 does not complement Df(2L)prdl.7 (33132-3; 
34A1-2) but is complemented by Df(2L)Prl (32F1-3; 33F1-2). There is a candidate 
gene in this region, warthog (wrt), which is also uncovered by Df(2L)prd]. 7 and was 
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isolated as an enhancer of the sevNotcha  rough eye phenotype (Verheyen et al., 
1996). The activated Notch construct encodes a truncated N protein, missing its 
extracellular domain under the control of the sevenless promoter (Fortini et al., 
1993). This N protein is constitutively active and prevents the cells from 
differentiating correctly. It is expressed at high levels in R7, 1 and 6, the cone cells 
and the mystery cells; and at lower levels in R3 and 4 (Fortini et al., 1993). Hence, 
R7 is transformed to a cone cell, Ri and 6 are transformed to R7 and the 
differentiation of the cone cells is delayed. This results in a dominant rough eye 
(Fortini et al., 1993). The defects in sevNx(  are thought to result from a block in cell 
fate commitment (Fortini et al., 1993), but the Notch pathway is now known to have 
inductive as well as inhibitory functions in eye cell fate determination (Flores et al., 
2000). The defects in sevNcwI  can probably be considered as being opposite to the 
recruitment defects in ato10968 in which the Egfr pathway is hyperactivated. Hence I 
would expect an enhancer of sev-N' to possibly suppress ato'°968, and vice-versa. A 
lethal wrt mutation was obtained from S. Artavanis-Tsakonas. This was found to 
complement Su(ato'0968)4.14 and does not modify ato'°968 . Therefore, I conclude that 
Su(ato'0968)4.14 is not an allele of wrt. 
The available transposon insertions in the region 33F1-2; 34A1-2 were tested for 
complementation with Su(ato'0968)4.14 (Appendix Q. Su(ato'0968)4.14 does not 
complement the P element insertion P(PZ)1(2)rk639. Moreover, this P element 
insertion strongly suppresses the rough eye phenotype of ato'0968 (data not shown) 
suggesting that P(PZ)1(2)rk639 and Su(ato'0968)4.14 are mutations in the same gene. I 
performed precise excision of the transposon in P(PZ)1(2)rk639. The flies without 
the insertion were homozygous viable and showed no interactions with 
Su(ato'°968)4. 14 or ato'0968, demonstrating that the P element is the cause of the 
phenotypes (data not shown). Staining P(PZ)1(2)rk639 third instar larvae with anti 
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13-galactosidase revealed a very specific expression pattern in the eye-antennal, leg, 
wing and haltere discs and the brain (figure 2.2.3). In the eye discs staining appeared 
to be restricted to the R7 equivalence group, Ri, 6, 7 and the cone cells. The staining 
pattern in all regions is identical to that of the enhancer trap line N30 which is widely 
used as a marker of the R7 equivalence group and is also located at position 34A1-2 
(data not shown) (Fischer-Vize et al., 1992). However, N30 is homozygous viable, 
has no phenotype over Su(ato'°968)4. 14 and does not modify ato'°968 (data not 
shown). The insertion site of P(PZ)1(2)rk639 has been sequenced by the genome 
project. It overlaps with the insertion site sequence of another P element, 
P(lac W)l(2)kO 7015 which is homozygous lethal, does not modify ato10968 and 
complements Su(ato'0968)4. 14 and P(PZ)1(2)rk639 (data not shown). There are no 
ESTs in the immediate vicinity of the P elements and the nearest gene is kekkonl 
(kekl) which is located at 33F1 (c.f. 34A1-2 for 1(2)rk639) (Ghiglione et al., 1999; 
Musacchio and Perrimon, 1996). Su(ato'0968)4.14 and 1(2)rk639 are not alleles of 
keki. In the absence of all Kek 1 protein flies are homozygous viable with no visible 
adult phenotypes (Ghiglione et al., 1999; Musacchio and Perrimon, 1996). Either the 
P element in P(PZ)1(2)rk639 is some distance away from the affected gene, possibly 
in an enhancer or intron, or the mutated gene cannot be identified by the current gene 
prediction programs. 
Su(ato'°968)4.14 is embryonic lethal. Homozygous null clones of Su(ato'0968)4.14 are 
not visible on the exterior of the adult eye (data not shown). Homozygous mutant 
clones of Su(ato'0968)4.14 in the eye disc (marked with nuclear GFP) were much 
smaller than the twinspots observed and also tapered towards the posterior of the disc 
(figure 2.2.3). This is indicative of defects in proliferation and survival of the cells 
(Dominguez et al., 1998). Interestingly, Ato expression was completely wildtype in 
these clones (data not shown). Closer analysis of Su(ato'0968)4.14 mutant clones in 
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the adult eye provided data consistent with the mutant cells having a proliferation 
and a survival defect but no effect on the patterning of the ommatidia or R cell 
recruitment. Sectioning of adult eyes that contained homozygous clones revealed that 
wholly mutant ommatidia are never observed but small numbers of Su(ato'°968)4.14 
mutant cells are present. These cells always appear to be much smaller, and project 
smaller rhabdomeres, than their wildtype counterparts (figure 2.2.2). Presumably the 
homozygous mutant cells mostly die (consistent with the tapering of the clones in the 
eye disc) but can be partially rescued by proximity to the wildtype cells. 
Interestingly, 53% of the mixed ommatidia do not have six outer R cells, indicating 
that the rescue of the lethality is not fully penetrant. Importantly, the mutant cells can 
adopt any of the R cell fates, including R8 (table 2.2.1). However, they are less likely 
to become one of the outer R cells that is recruited after the SMW (table 2.2.1), 
which is also consistent with a survival defect. The particularly low proportion of 
mutant R8 precursors (table 2.2.1) can be explained if the Su(ato'°968)4.14 mutant 
cells require the proximity of wildtype cells for their survival. The wildtype cells in 
the mixed ommatidia are structurally normal and in this respect the mutation is 
behaving cell autonomously. 
Superficially the phenotypes of Su(ato'°968)4.14 clones are similar to Egfr clones, in 
that they both have proliferation and survival defects (Dominguez et al., 1998; Xu 
and Rubin, 1993). However, Egfr, Ras and raf null mutant clones also show 
alterations in Ato expression and hence R8 patterning. In addition, the outer R cells 
are not recruited in these clones (Dominguez et al., 1998; Yang and Baker, 2001). 
These phenotypes are not seen in Su(ato'°968)4.14 clones. Moreover, some 
Su(ato'°968)4.14 mutant cells do appear to receive a signal from the wildtype cells to 
allow them to survive. The lack of outer photoreceptor recruitment defects may 
indicate that Su(ato'°968)4. 14 is unlikely to be involved in Egfr signalling in the eye. 
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This is supported by the recent findings that lower levels of Ras activity are required 
for cell growth and survival than for R1-7 recruitment (Halfar et al., 2001). This 
means that if Su(ato 0968)4.14 were an hypomorphic mutation in a gene in a core part 
of the Egfr pathway, it would be more likely to show outer R cell recruitment defects 
than proliferation/survival phenotypes. 
Figure 2.2.3 Expression pattern of the enhancer trap I(2)k01102, and Su(ato10 
68)4.14 homozygous clones 
(A-C) Imaginal discs from I(2)kOl 1021 CyO flies stained with anti -galactosidase antibody. 
(A) Eye disc. Note the staining is in some of the cells posterior to the furrow (the furrow is 
marked by an arrow head). (B) Higher magnification of the disc in (A), the staining marks the 
R7 equivalence group. (C) Leg disc with low ubiquitous levels of -galactosidase staining. 
(D,E) Eye discs containing clones marked by the absence of nls-GFP. (D) Wildtype clones. 
(E) Homozygous Su(ato108)4. 14 clone. Note there are very few clones, and that these are 
all small and taper towards the posterior of the disc. Anterior is to the left in all panels. 
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It is possible that Su(ato'°968)4.14 and P(PZ)1(2)rk639 alter one of the pathways 
involved in cell/tissue growth (Potter and Xu, 2001; Prober and Edgar, 2001). 
Alternatively, they may decrease levels of protein synthesis. None of these 
hypotheses can explain the partial rescue of the mutant cells by the surrounding 
wildtype tissue that I have observed. Su(ato'0968)4. 14 probably modifies ato'0968 by 
decreasing the number of external R cells, through its effects on cell proliferation or 
cell survival. 
% of mutant R cells of each subtype in mixed ommatidia 
R8 R2 R5 R3 R4 Ri R6 R7 
Su(ato'09 )4.14 10.9 41.5 41.5 33.0 29.8 18.1 17 18 
Su(ato'09)5.25 70 40 56 44 48 44 48 50 
Table 2.2.1 The percentage of mutant R cells of each subtype in mixed 
ommatidia. 
n=94 ommatidia, Su(ato 109 )4. 14. n=25 ommatidia, Su(ato109 )5.25. 
2.2.11 Su(at& °9 '68)5.25 
Su(ato'0968)5.25 has a lethal mutation which is also the ato'0968 modifier located at 
25A2; 34D5 by recombination mapping (table 2.11, Appendix A). It does not 
complement Df(2L)b87e25 (341312; 35B 10-Cl) but does complement Df(2L)b80e3 
(34C4; 35A4), which mean that it maps to 34C1; 34C4. Su(ato'0968)5.25 
complements all of the available transposon insertions in this region, including an 
allele of kuzbanin (kuz) which is a metalloprotease that is involved in Notch 
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activation (Sotillos et al., 1997)(Appendix Q. A second lethal mutation in the 52D3; 
58D5 region has been removed by recombination and only the first mutation has 
been used in further characterization. 
A candidate gene for Su(ato'0968)5.25 in the 34C1; 34C4 region is iron felix (ifx) 
which was isolated as an enhancer of the sevNcwt  rough eye phenotype (section 
2.2.10) (Verheyen et al., 1996). I was unable to obtain an allele of zfx to test this 
hypothesis. 
Homozygous mutant clones of Su(ato'°968)5.25 in the adult eye appear completely 
wildtype externally (data not shown). However, in sections of these adult eyes no 
wholly mutant ommatidia are visible and there appear to be no cells within the centre 
of the clone, although towards the clone borders the accessory cells can be seen 
(figure 2.2.2). Mixed ommatidia can occasionally be observed at the borders of the 
clones (figure 2.2.2). The few visible mutant cells are much smaller than their 
wildtype counterparts but can become any photoreceptor subtype (table 2.2.1). The 
mutation is behaving cell autonomously. Su(ato10968)5.25 mutant cells at the borders 
can be partially rescued by proximity to the wildtype cells and they do not have any 
visible effects on the wildtype cells (figure 2.2.2). 
The only observed phenotype in Su(ato'0968)5.25 is cell death after the formation of 
the adult lens structures, probably towards the end of pupation. During normal eye 
development, uncommitted cells undergo apoptosis in the pupal stages (Cagan and 
Ready, 1989; Miller and Cagan, 1998). Egfr signalling from the cone cells and 
primary pigment cells protects the secondary and tertiary pigment cells from 
apoptosis, probably by altering both the phosphorylation state and the transcription 
of the cell death inducer Hid (Bergmann et al., 1998; Kurada and White, 1998; Miller 
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and Cagan, 1998). However, if Su(ato'0968)5.25 was affecting this process of cell 
death, the R cells would not be expected to die as they never undergo apoptosis 
during normal development and probably do not need to receive this protective Egfr 
signal. 
Mutations that cause cell death in the eye after ommatidial assembly is complete 
typically these fall into two categories: light-independent and light-dependent retinal 
degeneration (Bonini and Fortini, 1999). Su(ato'°968)5.25 mutant clones have 
degenerated before eclosion, so the cell death must be light-independent. 
Light-independent degeneration can be caused by mutations affecting the maturation 
of rhodopsin or the normal structure of the rhabdomere (Kumar and Ready, 1995). 
Alternatively, mutations in genes that are required for the R cell neurons to connect 
to the optic lobe also cause light-independent retinal degeneration-for example 
disconnected (disco) mutants in which the retinal axons are unable to leave the eye 
disc (Campos et al., 1992; Steller et al., 1987). Light-independent retinal 
degeneration can also be caused by mutations in cell death suppressors such as 
D-APC, the Drosophila homologue of the human tumour suppressor gene 
adenomatous polyposis coli, which appears to prevent the Drosophila 13-catenin 
homologue, armadillo, from causing apoptosis of the R cells (Ahmed et al., 1998). 
Although Su(ato'°968)5.25 is phenotypically most similar to these types of genes, its 
phenotypes are slightly different. All of the retinal cells degenerate, not just the R 
cells, and the degeneration can be rescued at the borders of the clones. It is not clear 
why a mutation that displays late-onset retinal degeneration should suppress ato'°968 
unless it has earlier, redundant phenotypes that are not revealed in the clones. 
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2.2.12 E(ato 10968)4. 12 
E(ato'°968)4.12 is homozygous viable with a visible rough eye phenotype and 
additional bristles. These phenotypes and the at010968 interaction were localised to 
21C1-2; 25A1 by recombination mapping (NMW pers. comm.). E(ato'0968)4.12 did 
not complement Df(2L)edl (24A3-4;24D3-4) and Df(2L)ed-dp (24C3;25C8-9) but 
did complement Dp(2,1)B19 (24D2-5; 2517 1-2; 9B-C), thereby placing the mutation 
within the interval 24132-5 to 24133-4 (APJ pers. comm.). The gene echinoid (ed) 
maps to this interval and has been reported to have an eye phenotype (Bai et al., 
2001; de Belle et al., 1993; Lindsley and Zimm, 1992). E(ato'0968)4.12 does not 
complement a lethal point mutation of echinoid, ed"23 (de Belle et al., 1993). The 
transheterozygous flies are viable with a rough eye phenotype and additional bristles, 
suggesting that E(ato'°968)4.12 is indeed a mutation at the ed locus. (APJ pers. 
comm.). To confirm this, the coding region of ed from E(ato' °968)4.12 was 
sequenced. It was found to contain a single amino acid change compared to both the 
published sequence and the parent stock used in the mutagenesis (A.P.J. pers. 
comm., section 3.1). On the basis of this evidence, E(ato'0968)4.12 was deemed to be 
an allele of ed and renamed ed4 ' 2 . A P element located at 23D3-4, l(2)k01102, was 
identified that did not complement ed" 2, ed"23 or Df(2L)ed-dp (APJ pers. comm.). 
Precise excision of the P element gave flies that were still lethal but now 
complemented ed"2, ed"23 and Df(2L)ed-dp. Imprecise excision of the P element 
generated a number of new ed alleles of varying phenotypic strengths (APJ pers. 
comm., section 3.3). 1(2)k01102 was also identified as an allele of ed by Bai et al 
who showed that the transposon is inserted within the first intron of the gene (Bai et 
al., 2001). 
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ed4 ' 2 is homozygous viable with a rough eye and many extra es organs (figure 2.2.4, 
NMW pers. comm.). Closer examination of the homozygous es organ phenotype 
revealed that almost all subtypes are affected, including the thoracic macrochaetae, 
microchaetae, recurved chemosensory bristles, interommatidial bristles and the 
sensilla coelconica (table 2.2.2, NMW and B. Lovegrove pers. comm.). 
E(ato'°968)4. 12 is semi-dominant. It has some es organ phenotypes and a weak rough 
eye as an heterozygote (table 2.2.2, NMW and BL pers. comm.). 
Figure 2.2.4 Adult phenotypes of E(ato1068)4.12 homozygotes 
(A-C) SEMs of adult eyes, images courtesy of Neil White. (A) Wildtype eye, 150x 
magnification. (B) E(ato 1068)4. 12 homozygous eye, 150x magnification. Note the roughened 
surface. (C) E(ato106 )4. 12 homozygous eye, 750x magnification, note the duplicated 
interommaitdial bristles (arrow). (D,E) SEMs of adult thoraxes, images courtesy of Neil 
White. (D) Wildtype thorax, 150x magnification. (E) E(ato 10968)4. 12 homozygous thorax 150x 
magnification, arrows mark the duplicated bristles. 
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Genotype Wildtype (OrR) ed'21 ed4 ' 2 ed 12 / + 
Mean number of DC 4 ±0 n=15 5.4±0.27 n=10 4.06±0.06 	n=17 
macrochaetae  
Mean number of SC 4 ± 0 n=15 5.9±0.31 n=10 4.12±0.08 	n=17 
macrochaetae  
Mean number of 225±8.36 n=6 35 8±6.3 n=7 ND 
thoracic microchaetae  
Mean number of wing 19.6±0.45 n=15 29.8±0.7 n=10 - 24.4±0.7- -3 	n=12 
margin recurved 
chemosensory bristles  
Mean number of sensilla 135±3.52 n=3 144±4.33 n=3 ND 
trichodea  
Mean number of sensilla 209±8.37 n=3 200±9.64 n=3 ND 
basiconica  
Mean number of sensilla 72±3.0 n=3 90±6.0 n=3 ND 
coeloconica 
Table 2.2.2 echinoid412 es organ phenotypes 
Mean total number of es organs ± standard error of the mean (not the mean number per 
position). n is the number of flies counted. 
Sections of the ed412 homozygous adult eye revealed a varying number of external 
photoreceptors (between three and nine) and a high frequency of extra internal 
photoreceptors (NMW pers. comm. figure 2.2.5). Staining of the third larval instar 
eye discs with an antibody against Atonal protein revealed an incomplete resolution 
of Ato expression. Ato appeared normal in its activation and subsequent refinement 
to intermediate clusters and then to R8 equivalence groups. In addition, there was no 
effect on the spacing of the intermediate clusters. However, there was a severe defect 
in the refinement of the R8 equivalence groups. Frequently groups of two or three 
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adjacent Ato-expressing cells emerge from the morphogenetic furrow rather than 
one. Nevertheless, Ato expression in these cell groups was switched off at the time 
Ato is normally downregulated in the wildtype (NMW pers. comm. figure 2.2.5). 
Staining of ed4 ' 2 homozygous 3rd  larval instar eye discs with antibodies specific for 
the R8 markers Sens and Boss (Hafen and Basler, 1991; Noloet al., 2000; 
VanVactor et al., 1991) confirmed that the extra Ato expressing cells become 
additional R8 precursors; indeed twins or triplets of adjacent R8 cells could be seen 
(figure 2.2.5 NMW pers. comm.). This is consistent with the additional 
photoreceptors of internal morphology seen in semi-thin sections of adult eyes. There 
appears to be a specific role for Ed in equivalence group resolution. It is not clear 
whether the effects on the external photoreceptors are a secondary defect caused by 
the additional R8 cells or part of the primary phenotype. 
ed4' 2 homozygous adults also have additional wing veins at very low penetrance, 
particularly around vein L2 (NMW pers. comm., data not shown). Moreover, 
homozygous embryos frequently have six or seven chordotonal organs in the lateral 
cluster rather than the usual five (NMW pers. comm., figure 3.4.5). The role of Ed 
appears to be in equivalence group resolution. It presumably enhances the ato'°968 R8 
twinning phenotype and hence the adult rough eye. 
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Figure 2.2.5 Wildtype and E(ato10 )4.12/ E(ato 10 )4.12 eye discs and eye 
sections 
(A,B) Confocal images of third instar eye discs stained with antibodies to detect Atonal 
protein in green and Senseless protein in red. (A) Wildtype. (B) E(at&° 8)4.  121 E(ato 109 
6')4.12. Some examples of twinned R8 precursors are marked with arrows. (C, D) Confocal 
images of third instar eye discs stained with antibodies to detect Atonal protein in green and 
Boss protein in red. (C) Wildtype. (0) E(ato10 8)4  121 E(at& ° )4. 12, some examples of 
twinned R8 precursors are marked with arrows note the Boss staining detects fewer twinned 
R8 precursors. (E, F) Tangential sections through the adult compound eye. (E) Wildtype. (F) 
E(ato108)4. 12/ E(ato10 8)4.12.  Some ommatidia with additional internal cells are marked 
with arrows note the varying number of external R cells. 
2.3 Characterization of Su(ato 10968)3.2 
Under conditions of misexpression in the wing discs, the proneural gene sc always 
specifies additional es organs. It is totally specific for es organs (Brand et al., 1993; 
Chien et al., 1996; Dominguez and Campuzano. 1993; Hinz et al., 1994; Jarman and 
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Ahmed, 1998; Jarman et al., 1993b). This is not the case for ato. Heatshock-induced 
expression of ato produces a mixture of es and ch organs (Jarman et al., 1993b). If 
ato is misexpressed specifically in the PNCs and SOPs using 109-68Gal4 at low 
levels (low temperatures), a mixture of ectopic bristles and ch organs is observed in 
the thorax and along wing vein L3 (Jarman and Ahmed, 1998). If ato'068 flies are 
raised at higher temperatures, only ectopic ch organs are seen in the scutellum, 
although ectopic es organs are still seen in some other regions (Jarman and Ahmed, 
1998). In addition, wildtype es organs are transformed to ch organs in at010968 flies, 
and some sense organs of intermediate phenotypes between es and ch are also seen 
(Jarman and Ahmed, 1998). ato can therefore transform es SOPs to ch SOPs. The 
reciprocal transformation is not observed if sc is misexpressed with 109-68Gal4. 
These data suggest that ato can provide a developing SOP with subtype specificity 
for ch organs. Ectopic ato could not induce ch organs in all regions and it never 
produces olfactory sensilla, even though it is the proneural gene for the sensilla 
coeloconica (Gupta and Rodrigues, 1997; Jarman and Ahmed, 1998). Either some 
regions of the wing discs are not competent to form ch SOPs (possibly because of the 
prepattern), or Ato requires additional proteins to form ch SOPs (possibly co-factors) 
and the expression of these is spatially restricted. The domain-swap experiments of 
Chien et al. suggest that ato may require specific co-factors which endow it with 
subtype specificity (Chien et al., 1996). 
The ato'068 bristle phenotype reflects Ato function in es—ch organ SOP fate choice, 
just as the eye phenotype reflects specific roles for Ato in the R8 precursors. Some of 
the modifiers of ato'0968 altered the ch as well as the eye phenotypes. One in 
particular, Su(ato'°968)3.2, appeared to be specific for the ch phenotypes. 
Su(ato'098)3.21Su(at0 1068)3.2; ato'°968/CyO flies have a greater number of scutellar 
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2.3.2). Su(ato'°968)3.2 cannot modify the adult external eye phenotype of ato' °9 . 
These data suggest that the wildtype role of Su(ato' °68)3.2 is to promote ch SOP fate 
or repress es SOP fate. 
Su(ato' °68)3.2 is homozygous viable with no visible phenotypes other than the 
interaction with ato'°9 68•  Su(ato' °968)3.2 was mapped by recombination relative to the 
visible markers y Sc SF? m Os using the aw10968 modification phenotype (APi pers. 
comm.). This placed it in the interval 1133; 7D1. Su(ato' °968)3.2 was tested for 
complementation against all the deficiencies in this region, but no phenotypes were 
observed (APJ pers. comm.). 
Figure 2.3.1 Interaction between ato1068 and Su(ato 10968)3.2 
(A-E) SEMs of adult thoraces, courtesy of Neil White. (A) Wildtype thorax. The dorsocentral 
and scutellar bristles are indicated. (B) Su(ato108)3.21 +; ato108/ + thorax. Arrows mark 
additional bristles. (C) Wildtype scutellum. (D) ato1081 + scutellum. Note there are no 
bristles on the scutellum, but there are additional dorsocentral bristles (arrow head). (E) 
Su(ato 109 )3.21+; at& 09 /+ scutellum, arrows mark the additional bristles. 
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ato'0968/CyO 29°C Su(ato'09 )3.21 
Su(ato'0968)3.2; 
ato'°968ICyO 29°C 
Scutellum es organs 0 	n=9 5.4 ± 0.53 	n=9 
ch organs 47 ± 7 	n=2 9.8 ± 2.1 n=4 
L3 bristles hairs 2.8 ± 0.37 	n=5 15 ± 1.8 	n=6 
es organs (all types) 17.8 ± 1.3 	n=5 26.6-± 19 	n=7 - 
Table 2.3.1 Mean numbers of scutellar and wing vein L3 ch organs, es organs 
and hairs in ato 10968ICyO and Su(ato10968)3.2 ISu(ato108)3.2 ato108ICyO adult 
flies 
Mean ± standard error of the mean and the number of flies counted. 
To determine whether Su(ato'0968)3.2 affected the es-ch SOP fate choice or simply 
altered levels of Ato protein, the numbers of es and ch organs were counted in the 
adult flies and the numbers of SOPs counted in the prepupae. In the adults, the 
numbers of ectopic ch organs were decreased in Su(ato'0968)3.21 Su(ato' 0968)3.2; 
ato'°968/ CyO compared to ato'09681 CyO (table 2.3.1). The number of es organs on 
the scutellum was increased, implying that a fate transformation from ch to es SOPs 
is occurring. Interestingly, the reduction in the number of ch organs is greater than 
the increase in the number of es organs. In addition, there is a greater number of es 
organs on the Su(ato'0968)3.21 Su(ato'0968)3.2; ato'°968/ CyO scutellum than on the 
wildtype (table 2.3.1). These data probably reflect the fact that the ch SOPs tend to 
recruit other cells to the same fate, whereas the es SON do not do this (Okabe and 
Okano, 1997; zur Lage et al., 1997; zur Lage and Jarman, 1999). 
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A possible explanation is as follows. Perhaps the ectopic Ato is fating the SOPs as ch 
SOPs, but the product of Su(ato'0968)3.2 is required downstream of Ato for this to be 
carried through. When the function (or levels) of the Su(ato'°968)3.2 product are 
impaired, some of the ch SOPs are switched back to the es SOP fate. Furthermore, 
some of the other cli SOPs are unable to function correctly, and do not recruit as 
many additional SOPs. Another possible explanation is that the levels of Ato 
function or expression are somehow decreased in the presence of Su(ato'°968)3.2. 
If Su(ato'0968)3.2 only affects the function or levels of Ato, then the numbers of SOPs 
that are specified in Su(ato10968)3.21 Su(ato' °968)3.2; at0109681 CyO will probably be 
decreased compared to ato'168. Under conditions of lower expression, fewer SOPs 
are specified in at010968 (APJ pers. comm.). Su(ato'°968)3.2/Su(ato' °968)3.2; 
ato'°968/CyO, ato 10968/CyO and OrR wing discs dissected from white prepupae were 
labelled with an antibody against Sens protein to show all the SOPs. The number of 
SOPs in Su(ato'0968)3.21Su(ato 10968)3.2; ato'09681CyO discs was almost reduced to 
wildtype when the cultures were grown at 18°C, 25°C or 29°C (data not shown). This 
suggests that Su(ato'°968)3.2 simply affects overall levels of protein and is not 
specific for ato function. One caveat with this experiment is that the numbers of 
SOPs observed in ato'0968 wing discs were not sufficient to account for the number of 
ch organs seen in the adults. This could simply be because the additional ch SOPs 
were recruited after the prepupal stage. 
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°C Genotype Mean number of DC Mean number of SC 
macrochaetae macrochaetae 
25 +1+; ato'°968/Cyo 2.93 ± 0.27 n=27 0.70 ± 0.15 n=27 
25 Su(ato' 0968)3.21+; 4.75 ± 0.33 n16 2.00 ± 0.25 n=16 
_____ ato'°968/CyO  
25 +1+; sc'0968/CyO 4.63 ± 0.15 n=19 7.42 ± 0.29 n=19 
25 Su(ato'0968)3.21+; 5.40 ± 0.46 n=15 9.00 ± 0.53 n15 
sc'/cyQ 
29 +1+; ato'0968/Cyo 3.68 ± 0.22 n=28 0.36 ± 0.11 n=28 
29 Su(ato' 0968)3.21+; 3.86 ± 0.24 n=22 2.59 ± 0.31 n=22 
ato'°968/CyO  
29 +1+; sc10968ICyO 4.86 ± 0.35 n22 10.09 ± 0.57 n=22 
29 Su(ato' 0968)3.21+; 4.80 ± 0.43 n=20 12.25 ± 0.44 n=20 
sc10968/CyO  
Table 2.3.2 The heterozygous interaction between Su(ato10968)3.2, ato10968 and 
sc1068 : macrochaetae number 
Mean total number of es organs ± standard error (not the mean number per position). n is 
the number of flies counted. 
Genotype Proportion of R8 Mean number of R8s 
positions with >1 R8 per position 
precursor  
ato'°968/CyO, 29°C 0.14 ± 0.01 	n=4, 889 1.14 ± 0.36 
Su(ato' 0968)3.21 0.08 ± 0.012 	n=2, 518 1.08 ± 0.27 
Su(ato' 0968)3.2; ato'09681 
CyO, 29°C 
Table 2.3.3 Interaction between Su(ato108)3.2 and ato108 : R8 twinning 
Amount of R8 twinning ± the standard error. The number of discs and number of R8 
positions counted is shown. 
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As a further test of the specificity of the Su(ato'0968)3.2 phenotype for ato function, 
the number of macrochaetae in heterozygous interactions between Su(ato'0968)3.2 
and sc'°968 or ato'°968 were counted (table 2.3.2). Su(ato'0968)3.2 could increase the 
number of macrochaetae in both sc 10968 and ato'0968 . Moreover, Su(ato'0968)3.2 could 
slightly suppress the R8 twinning phenotype of ato'0968 (table 2.3.3). Su(ato'098)3.2 
is therefore not specific for ato function, nor is it specific for the ch organs. These 
results are not consistent with a general increase in proneural gene activity in the 
presence of Su(ato'°968)3.2, but nor are they consistent with a general decrease. 
The role of Su(ato 10968)3.2 is not clear. This, coupled with the difficulties in 
localising the Su(ato'°968)3.2 lesion to a particular gene, has resulted in 
Su(ato'0968)3. 2 not being characterized further. 
2.4 Discussion 
The aim for the first part of my project was to identify the ato10968 modifiers that 
were closely linked to Ato function. Four such mutations were identified with 
certainty and a further two that may merit some further investigation. The remaining 
mutations seemed to be in genes that were not required for normal development, 
were redundant, or were not specific for Ato function. 
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2.4.1 The non-specific categories of genes identified in the 
ato10968 screen 
Mutations affecting protein levels 
The ato'0968 phenotypes are highly sensitive to the changes in protein levels caused 
by altering the temperature at which the flies are raised (Jarman and Ahmed, 1998) 
(NMW per. comm.). The temperature changes affect Ga14 protein activity and 
therefore Ato protein levels. This sensitivity is further demonstrated by the 
identification of one putative ribosomal mutation amongst the ato'°968 modifiers 
(NMW pers. comm., section 2.1) and my characterization of a further mutation that 
putatively alters protein levels, Su(ato'°968)7.2. Although, this designation of 
Su(ato 10968)7.2 as a mutation in a Minute locus has not been confirmed. 
Mutations affecting cell survival but not differentiation 
I have identified three mutations that alter cell survival but not differentiation: an 
enhancer of ato'0968  that shows late onset, probably light-dependent, retinal 
degeneration (E(ato'°968)6.107); a suppressor with a slightly earlier retinal 
degeneration phenotype (Su(ato' 0968)5.25); and a suppressor with a growth 
phenotype and a much earlier cell death phenotype (Su(ato'0968)4.14). This class of 
mutants was unexpected. The isolation of E(ato'°968)6. 107 and Su(ato'°968)5.25 
cannot be easily explained unless they also have redundant earlier functions. 
However, Su(ato'0968)4.14 probably decreases the number of additional external R 
cells in ato'°968 . These mutations probably do not reflect any of the endogenous 
functions of Ato. 
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Mutations affecting tissue growth 
Mutations that affect tissue growth were predicted to interact with ato'0968 . 
Su(ato'°968)4. 14 probably decreases the number of extra R cells in ato'0968 , through 
its effects on either cell proliferation or cell survival (see above). 
Mutations with no phenotype in the absence of ato' °968 
40% of the modifying lines isolated were homozygous viable with no visible 
phenotypes, and of the 5 lethal lines I examined in homozygous clones, 2 had no 
phenotypes at all. Presumably these mutations, although they can affect ato10968 , are 
not required or are redundant for normal eye development. Alternatively, they could 
be very weak hypomorphic mutations which, although they have an effect in the 
sensitive background of ato10968 , have no visible phenotypes alone. It is not 
uncommon to isolate mutations of this class in a dominant-modifier screen. For 
example, in a screen based on GMRsina 92% of the lines isolated were homozygous 
lethal, 70% of these falling into 14 lethal complementation groups, 2 of which had no 
phenotypes in homozygous clones in the adult eye (Neufeld et al., 1998). 
2.4.2 Mutations linked to Ato function 
Mutations in the MAPK or Hedgehog signalling pathways 
I have identified two of the ato'°968 modifiers as mutations in genes that are involved 
in MAPK pathway signalling: a mutation in Star, and one in an unidentified gene 
that appears to be closely related to Son of sevenless function. In addition, two 
independent alleles of patched have been identified in the screen. These results 
confirm that the screen was successful. The characterization of ato'°968 suggested 
that mutations in the MAPK and Hh pathways would be isolated in the screen (White 
and Jarman, 2000). Furthermore, the fact that these mutations were isolated in an 
unbiased screen designed to identify genes that are important for Ato function 
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confirms the close relationship between Ato and the MAPK and Hh signalling 
pathways suggested by previous work (Baonza et al., 2001; White and Jarman, 
2000). 
ptc is the only gene in which two independent mutations were identified in the course 
of the screen. The exact relationship between Ato and the Hh pathway is unclear. 
Decreasing levels of signalling through the Hh pathway can suppress the ato'°968 eye 
phenotypes, but artificially increasing the levels of Hh signalling in the eye disc 
without altering ato cannot cause a rough eye phenotype (White and Jarman, 2000). 
This data suggests that Ato does not affect levels of Hh pathway signalling, indeed 
that hh expression is not strongly regulated by Ato at all (White and Jarman, 2000). 
The isolation of two alleles of ptc suggests that Ato could regulate some aspect of Ptc 
function. Possibly it regulates the expression of a diffusible molecule that can bind to 
Ptc and modulate its activity, much in the same way as it is thought to regulate 
scabrous expression which can in turn modulate N pathway activity (Jarman et al., 
1993b; Powell et al., 2001). Alternatively, Ato may not regulate the Hedgehog 
pathway directly. It could affect one of the signalling pathways that is thought to 
operate downstream of hedgehog in morphogenetic furrow progression. These 
include Dpp, Notch and Raf (Baonza and Freeman, 2001; Curtiss and Mlodzik, 2000; 
Greenwood and Struhl, 1999). There are many possibilities, and in spite of much 
recent work it is still not clear exactly which signals are required for morphogenetic 
furrow progression and ato expression, or how they relate to one another (Baonza 
and Freeman, 2001; Curtiss and Mlodzik, 2000; DomInguez, 1999; Greenwood and 
Struhi, 1999; Li and Baker, 2001). The analysis of some of the other mutations that 
were isolated in the ato10968 modifier screen may shed light on the issue of 
morphogenetic furrow progression and the role of Ato (section 2.4.3). 
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S mutations have a dominant rough eye phenotype, and it can be argued that this is 
the reason for the isolation of a S allele in the screen. Nevertheless, Ato appears to 
activate rhomboid] in R8 directly (Baonza et al., 2001), and the isolation of an allele 
of S confirms the importance of Ato's role in the production of the Egfr ligand Spitz 
by the R8 photoreceptor. The Sos-related mutation reinforces the notion of important 
links between Ato and MAPK pathway signalling, although further experiments are 
needed to elucidate the identity and the role of this gene. 
Mutations affecting intermediate cluster resolution 
A viable allele of ed was isolated in the screen. Initial analysis suggests that its eye 
phenotype reflects the unexplained R8 twinning phenotype of ato'°968 . Again, this 
illustrates the success of the screen and supports the hypothesis that Ato may have a 
role in intermediate group resolution. Further analysis of the ed locus has been 
undertaken. This has been important for a general understanding of the R8 twinning 
phenotype (chapters 3 and 4). 
2.4.3 Overall success of the screen 
The mutagenesis screen was successful. Various interesting mutations that appear to 
be closely linked to Ato function were isolated (see above). However, a large number 
of non-specific mutations were also isolated. In retrospect, my strategy of mapping 
the lethal mutations and then making homozygous clones was labour-intensive and 
much time was expended on mutations that were not relevant to Ato function. 
Another, possibly more efficient, approach may have been to perform secondary 
screens and then to characterize a smaller number of the mutations in more detail. 
This approach could have taken the form of a 'negative screen' to distinguish the 
mutations that did not specifically affect Ato function followed by 'positive screens' 
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to identify mutations involved in particular aspects of Ato function. The 
GMRGa14-based secondary screen performed by Neil White did identify one 
mutation that affected protein levels, but this method could only identify effects on 
the Ga14 element itself. Screening for modifiers of, for example, 
enGal4UASapterous, or another gene unrelated to neurogenesis, should have 
identified mutations that altered the Ga141UAS system specifically and possibly also 
mutations altering cell growth/proliferation or survival. The ideal 'positive' 
secondary screen would utilise an hypomorphic ato mutation; unfortunately no 
suitable alleles exist. I did attempt to screen the collection for enhancers of the 
E(ato'0968)4. 12 dominant rough eye phenotype to isolate other mutations involved in 
proneural cluster resolution, but none were identified. The relationship between Ato 
and the Hedgehog pathway in ato'°968 is intriguing (White and Jarman, 2000). It 
should be possible to perform a secondary screen to identify mutations that may 
affect this using hhm 00't, a dominant allele of hh with a wing phenotype that is 
sensitive to changes in the levels of Hedgehog signalling (Haines and van den 
Heuvel, 2000). A different strategy would have been to make homozygous clones of 
all the interactors before any other analysis, so as to identify mutations affecting R 
cell fate/spacing which would be likely to be involved more intimately with Ato 
function. Chromosomes with FRT sites could have originally been mutagenised to 
facilitate this type of analysis (Newsome et al., 2000). 
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3 
Detailed characterization of 
echinoid 
3.1 Introduction. The initial characterization of 
echin old 
E(ato'°968)4.12 was shown to be an allele of the gene echinoid (ed) (APJ pers. 
comm., section 2.2.12). A lethal EMS allele and a P element allele of ed were also 
obtained. The ed coding region has been cloned, it encodes a member of the 
Immunoglobulin Superfamily of Cell Adhesion Molecules (IgCAMs) with six 
immunoglobulin (Ig) repeats and one fibronectin type III (FN III) repeat in its 
extracellular domain. It also has an intracellular domain with no identifiable motifs 
(Bai et al., 2001). The immunoglobulin superfamily (IgSF) of proteins encompasses 
all proteins with an Ig domain. The IgCAMs are a subset of these (Cunningham et 
al., 1987). The product of the ed4 ' 2 allele has an amino acid substitution (pro-leu) in 
the extracellular domain between the first and second immunoglobulin repeats (APJ 
pers. comm., figure 3.1.1). The Echinoid protein is most similar to the Li family of 
Neural Cell Adhesion molecules (NCAMs), with about 40% similarity between the 
extracellular domains of Ed and most Li proteins. The Echinoid intracellular region 
is entirely novel and does not contain the conserved Ankyrin binding motifs of the 
Li family. The Li family of NCAMs are involved in a variety of processes including 
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neurite outgrowth, cell adhesion and movement, axon pathfinding, myelination and 
growth cone morphology (Hortsch, 1996). 
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Figure 3.1.1 Diagram of Echinoid protein structure 
(A) The domain structure of Echinoid. Numbers are amino acids. The amino acid changes in 
ed' 12 and ed' 4  are shown. (B) Cartoon representation of Echinoid protein. Ig domains are 
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Figure 3.1.2 Expression of echinoid mRNA 
(A-H) mRNA in situs using an echinoidexon VI antisense RNA probe on wildtype embryos 
and imaginal discs, images courtesy of Neil White. Anterior is to the left in all panels. (A) 
Stage 5 embryo. Note the ubiquitously localised, maternal supply of ed RNA. (B) Stage 7 
embryo. (C) Stage 10 embryo. (D) Stage 15 embryo. (E) Stage 15 embryo, ventral view. (F) 
Wing disc. (G) Eye disc. ed is predominantly expressed around the furrow. (H) Higher 
magnification view of the morphogenetic furrow. 
echinoid transcripts are ubiquitously expressed throughout all stages of development 
(Bai et al., 2001). ed mRNA is maternally provided in the early embryo and later 
ubiquitously expressed throughout the embryo. However, ed is not evenly expressed. 
Expression is greatest in the PNS and CNS. Similarly, ed mRNA is uniformly 
expressed throughout larval development but concentrated particularly in the 
morphogenetic furrow in the eye (NMW pers. comm. figure 3.1.2). In addition, Bai 
et al used an antibody to an N-terminal peptide of Ed and stated that Ed protein is 
localised to the plasma membrane in the blastoderm embryo (Bai et al., 2001). 
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Unfortunately this antibody does not work at any other stages of development (own 
observations). 
The function of the Echinoid protein has been characterized during eye development 
as the antagonism of the Egfr signalling pathway during outer photoreceptor cell 
recruitment (Bai et al., 2001). Furthermore, Bai et al state that they find no examples 
of R8 twinning (Bai et al., 2001). 
In contrast to the results of Bai et al., our initial ed allele, ed4 ' 2 , was found to have an 
R8 twinning phenotype, as well as duplicated es organs (section 2.2.12). To resolve 
this discrepancy, I have isolated and/or phenotypically characterized various alleles 
of ed. R8 twinning was found to be a common phenotype. The results suggested that 
the function of Ed may be to limit the number of neural precursor cells selected and 
that it is not specific to the proneural gene ato. To address whether Ed is indeed 
involved in sense organ precursor selection, I also attempted to establish the cell(s) in 
which it is required during this process, overexpressed it in the developing PNS and 
examined the signalling events that occur during PNC resolution in ed mutants. 
3.2 A chemical mutagenesis screen for further 
alleles of echinoid 
ed4'2 behaves as a hypomorphic allele (that is, adult phenotypes are stronger over a 
deficiency), but it also has some dominant phenotypes which are not seen in 
hemizygous flies. Additional ed alleles were required to confirm that the ed4 ' 2 
phenotypes are truly representative of loss of function mutations at this locus. 
Strongly hypomorphic or null mutations would also be useful for phenotypic 
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analysis. An Fl EMS mutagenesis screen was performed to isolate further alleles of 
ed using the viable allele ed4 '2 (figure 3.2.1). The chromosome ed412 b pr c Bi px sp 
was used as the test chromosome for the mutagenesis because the dominant marker, 
Bristle (Bi), allowed it to be distinguished from the chromosomes carrying the 
mutations that were generated. The ed4 '2 b pr c Bl px sp chromosome has the 
heterozygous ed4' 2 phenotypes of a very weak rough eye and occasional extra 
macrochaetae. In addition, there is a more penetrant wing vein phenotype than in 
ed4'2/ + presumably due to the presence of plexus (px), which has a weak phenotype 
as a heterozygote (Lindsley and Zimm, 1992). The mutagenesis should uncover new 
ed alleles, but also any second site mutations that enhanced the ed412 b pr c BI px sp 
phenotype would be created using this scheme. Five homozygous lethal lines with 
eye, or eye and bristle, phenotypes when transheterozygous with ed4'2 b pr c Bi px sp 
were generated. From now on these are denoted E(ed4"2). Subsequently I used 
complementation tests and recombination and deficiency mapping to show that two 
of these mutations were new ed alleles and that the remainder were second site 
mutations that interacted with the ed4'2 b pr c BI px sp chromosome. 
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P 	+/Y+;+ 
	
X 	ed412 bprc Blpxsp/CyO 
(en masse) mutagenised 
30mM EMS 
Fl 	+/Y; */ed412  dp b pr c Bi px sp, + X 
(single pair) 
Selected males with eye or bristle phenotypes 
ed4 '2 b pr c Bi px sp/CyO 
F2 	*led- 12  dp b pr c Bi px sp */CyO 
	
ed412 b pr c Bi px sp/CyO 
Rescored phenotypes 	Set up stock 
Figure 3.2.1 EMS mutagenesis scheme to generate additional echinoid alleles 
Three to five day old wildtype males were starved, treated with 30mM EMS in sucrose 
solution, allowed to recover for one day and then mated (for three days) to ed412 females 
also carrying the dominant marker Bristle (B!). Fl male progeny with a rough eye or 
additional bristles were selected and individually mated to ecf 12 dominantly marked females. 
The resulting F2 progeny were rescored for eye and bristle phenotypes. If present, flies of 
this generation were used to set up a balanced stock of the new mutation over CyO. 
3.2.1 E(ed412)4.4 and E(ed412)6. 1 are new alleles of echinoid 
Two of the mutations isolated in the EMS screen for additional ed alleles had a 
strong rough eye and many duplicated macrochaetae when transheterozygous with 
ed"2 b pr c Bi px sp (data not shown). Recombination mapping using a multiply 
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marked second chromosome (Appendix A, figure 1) revealed that in both cases the 
phenotypes were associated with homozygous lethality and mapped to 21C1-2; 
25A1, the same region as ed (Appendix A, tables 3.1 and 3.2). In addition, 
E(ed4"2)4.4 had a second lethal mutation in the region 25A1; 34D1-3 that was not 
associated with any phenotypes over ed4 ' 2 b pr c BI px sp. This second site mutation 
was recombined away from the interacting mutation, and all subsequent experiments 
were performed with the interacting mutation alone. E(ed4'2)4.4 and E(ed4'2)6.1 do 
not complement each other, the ed deficiencies or any ed alleles (Df(2L)ed', 
Df(2L)ed-dp, ed 412, ed'1123 and 1(2)K01102). Therefore, they were taken to be alleles 
of ed itself and renamed ed'4 and ect' respectively. 
Phenotypic analysis of ed4 4 and ect' revealed that they are lethal as embryos or early 
larvae and that the homozygous embryos of ed6 ' have additional lateral chordotonal 
organs (figure 3.2.2). In addition, ed44/ect 12 and ect'/ed4 ' 2 third instar eye discs have 
a high proportion of twinned R8 precursors (figure 3.2.2, table 3.3.2). The isolation 
of ed44 and ed6 ' confirmed that R8 twinning is a feature of mutations at the ed locus. 
Sequencing of ect 41 CyO revealed a probable A-T change in ect 4. This would cause 
an Ala in the first Ig repeat to become a stop codon (figure 3.1.1). This needs to be 
confirmed by sequencing the homozygous DNA. No mutation has so far been 
identified in the ect' sequence. 
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Figure 3.2.2 Phenotypes of echinoid44 and echinoicf 1 
(A, B) Embryonic lateral chordotonal organs stained with an antibody against the neural 
specific microtubule associated protein, 2200. The neural processes are marked with arrow 
heads. (A) Wildtype. (B) ea 1/ ect'. Note that this embryo has lch6 rather than lch5. (C-E) 
Confocal images of third instar eye discs stained with antibodies to detect Atonal protein in 
green and the R8 marker Senseless in red. (C) Wildtype. (0) ed 4/ed' 12. ( E) ect 1/ed4 ' 2. 
Note that D and E have twinned or triple R8 precursors rather than single. 
3.2.2 E(ed412)4. 10 is Star 
E(ed 12)4.10 was isolated as an enhancer of the ed4 ' 2 b pr c B! px sp rough eye 
phenotype (data not shown). It is homozygous lethal, and recombination mapping 
(Appendix A, table 3.3) indicated the presence of two lethal mutations: one that 
interacts with ed'2 bpr c BIpx spat 21C1-2; 25A1, and another at 34D1-3; 58E3-8. 
These two mutations were separated by recombination and only the interacting 
mutation was used in the remaining characterization. It fails to complement the Star 
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(S) alleles, S°567' and SXISS,  which map to 21E2. E(ed4 ' 2)4.1O has a dominant rough 
eye which could be suppressed by the null EGF receptor (Egfr) allele, Egfr° and by 
the ed mutations Df(2L)ed-dp, ed" 23 and ed4 ' 2 (data not shown). This evidence 
suggests that E(ed4'2)4.1O is an allele of S. 
Star is a member of the EGFR pathway which acts upstream of the EGF receptor to 
facilitate presentation of the ligand, Spitz (Bang and Kintner, 2000; Hsiung et al., 
2001; Lee et al., 2001; Pickup and Banerjee, 1999; Schweitzer et al., 1995). ed has 
been reported to act as a repressor of EGFR pathway signalling (Bai et al., 2001), 
which explains why ed can suppress the S dominant rough eye phenotype. It is not so 
clear why a mutation in S was isolated as an enhancer of ed4'2 . This may be because 
of its dominant rough eye phenotype, or an interaction with px. rho expression is 
derepressed in px mutants which can interact with the Egfr signalling pathway (Diaz-
Benjumea and Garcia-Bellido, 1990; Matakatsu et al., 1999; Sturtevant and Bier, 
1995). 
3.2.3 E(ed412)4.,9 
E(ed4'2)4. 9 was isolated as an enhancer of the ed4'2 b pr c Bi px sp rough eye and 
wing vein phenotypes (data not shown). It is homozygous lethal with no visible 
phenotypes as a heterozygote, although the stock is very poorly viable. E(ed4'2)4.9 
complements Df(2L)ed-dp, Df(2L)ed' and ed'1' 23 . In addition, E(ed4 12)4. 9 has no 
visible phenotypes when transheterozygous with ed4'2 alone or with al dp b pr c Bi 
px sp, although it can enhance a homozygous px phenotype when present as a 
heterozygote. This data suggests that E(ed4'2)4.9 is not an ed allele and was isolated 
due to an interaction with a combination of both ed4'2 and px. 
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ed and px both behave genetically as negative regulators of the EGF receptor 
pathway (Bai et al., 2001; Diaz-Benjumea and Garcia-Bellido, 1990; Matakatsu et 
al., 1999; Sturtevant and Bier, 1995) and interact with each other (data not shown). 
Consistent with this, E(ed4 '2)4.9 suppresses the S dominant rough eye. In addition, 
E(ed''2)4.9 does not complement downstream of receptor kinase (drk) which 
encodes an adaptor protein that recruits the guanine nucleotide exchange factor, Son 
of sevenless, to the activated Egfr (Olivier et al., 1993; Simon et al., 1993). 
E(ed4 '2)4.9 does complement other Egfr pathway components including Egfr° and 
rolledSEM898  (the MAPK). The lethality over drk is surprising, given that E(ed4 '2)4.9 
behaves as a negative regulator of the EGFR pathway in suppressing S whereas drk 
acts positively within the pathway. In addition, there is no interaction between drk 
and ed4 '2 bprcBlpxsp. 
Recombination mapping of E(ed4 '2)4.9 was difficult, given the low viability of the 
stock which meant relatively few genotypes could be scored. However, the results 
are consistent with the presence of two lethal mutations: one in the region 21C1-2; 
25A1 that appears to be associated with the interaction with ed4 '2 b pr c Bi px sp, and 
another mapping to 52D3-7; 58E3-8 (Appendix A, table 3.4). drk maps to 50B1-2 
which is outside both of these regions. Complementation tests with deficiencies in 
the 21C1-2 to 25A1 region were performed in an attempt narrow down the position 
of E(ed4 '2)4.9. However, all the deficiencies tested complemented E(ed4 '2)4.9. Very 
few recombinant chromosomes were scored during the recombination mapping of 
this mutation so it is possible that the interaction lies within another region. Data 
consistent with the theory that E(ed4 '2)4.9 is between dp and b , 25A1; 34D1-3, was 
obtained when an attempt was made to separate the various mutations on the 
E(ed4'2)4.9 chromosome (data not shown). In the absence of a clear map position, 
E(ed4'2)4.9 has not been investigated further. 
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3.2.4 E(ed412)4. 11 
E(ed4 ' 2)4.1] was isolated as an enhancer of the ed4 ' 2 b pr c Bi px sp eye phenotype. 
It also has an eye phenotype when heterozygous with ed4 ' 2 . However, it 
complements Df(2L)ed', Df(2L)ed-dp, and ed"23 , suggesting that it is not an allele of 
ed. It also complements all components of the Egfr signalling pathway on the second 
chromosome that were tested: S, Egfr, ri, Sos and drk. 
Recombination mapping reveals two lethal mutations on the E(ed4 ' 2)4.11 
chromosome: one at 34D1-3; 38B4-6 associated with the interaction, and another at 
52D3-7; 58E3-8 which does not interact with ed4 ' 2 b pr c Bi px sp (Appendix A, 
table 3.5). The position of the interacting mutation has been further refined by 
complementation tests with deficiencies to 38E2; 39C2-3, (Appendix B). This 
position is outwith the region defined by recombination mapping, presumably 
because the breakpoints of the deficiencies have not been mapped accurately. 
E(ed4'2)4.11 is not an allele of ed and has not been characterized further. 
3.2.5 Summary 
The second EMS screen successfully identified two new ed alleles, ed6 ' and ed4 4 , 
and three mutations that interacted with ed"2 or ed4'2 px. Characterization of ed4'/ 
ed"2 and ed44! ed''2 transheterozygotes showed that they have the same general 
phenotypes as ed"2 homozygous flies (table 3.3.1). They also have the strongest 
phenotypes in terms of lethality, making them very useful for the functional analysis 
of Ed. The isolation of a Star allele and a mutation that interacted with Egfr 
77 
Chai.acteiization of echinoid 
signalling, as well as the identification of the interaction between ed4 ' 2 and px, 
confirmed that Ed can affect Egfr pathway signalling. 
3.3 Detailed phenotypic analysis of echinoid 
All of the ed alleles examined have phenotypes that are qualitatively identical to 
those of ed4 ' 2 homozygous flies (section 2.2.12), although they are often 
quantitatively different. All have the same general adult phenotypes of rough eyes 
and extra bristles, with wing downturning and additional wing veins at a much lower 
penetrance. In addition, I have identified an overgrowth phenotype of the third larval 
instar wing discs. The ed mutants are mostly lethal during larval or pupal stages. 
However, ed4 ' 2 is unique in being completely viable and also semi-dominant 
(heterozygotes have a slight rough eye and occasional extra bristles) (section 2.2.12, 
table 2.2.2, table 3.3.3). 
The ed alleles fall into three classes on the basis of their particular phenotypes (table 
3.3.1): 
Class 1 comprises ed4 ' 2 , which has a moderate adult rough eye phenotype, a very 
strong R8 phenotype, but a weak bristle phenotype. It is also completely 
homozygous viable with some dominant effects. 
Class 2 contains the P-element allele, most of the P-element excision derivatives 
and the lethal point mutation edt123.  This class has a much more penetrant bristle 
phenotype, pupal or pharate lethality and a strong adult rough eye phenotype. 
However, it has a weaker R8 phenotype than ed4'2 
Class 3 consists of the EMS alleles ed44 and ed6 '. These are homozygous and 
hemizygous lethal, probably as early larvae. They also have strong external rough 
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eyes and R8 eye phenotypes and a moderate bristle phenotype when 
heterozygous with ed4 ' 2 
The ed alleles do not fit a classical allelic series. The alleles with the stronger R8 
phenotypes are not necessarily those with the more penetrant bristle phenotypes or 
adult rough eyes and vice-versa. These phenotypic data suggest that the R8 and 
bristle phenotypes may have a different origin. The data have been used to determine 
the most appropriate ed alleles for each experiment. 
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Allelic Severity of Severity of Severity of Growth Lethal 
combination R8 bristle wing defects stage 
phenotype phenotype phenotype  
ed412  / ed4.12  ++ weak, extra + Not lethal 
veins 
ed412 /+ + + none ND Not lethal 
ed412 / ++ ++ weak, extra ND Not lethal 
Df(2L)ed-dp  veins 
ed"'23 / NP NP NP Pupal 
Df(2L)ed-dp  
ed"23 I + ++++ downturning ++ Semi-lethal 
1(2)k01102  as pharates 
1(2)k011021 + +++. downturning + Pharate 
Df(2L)ed-dp  adults 
PEW ++ downturning ND Not lethal 
Df(2L)ed-dp  
PE3a/ ++++ downturning ND Semi-lethal 
Df(2L)ed-dp  as pharates 
ed' 4 led ' 2  ++ none ND Not lethal 
ed6 '/ed'12 ++++ ++ none ND Not lethal 
ed44 / NP NP NP NP Late embryo! 
Df(2L)ed-dp early larva 
ed6 '/ NP NP NP NP Late embryo/ 
Df(2L)ed-dp early larva 
Table 3.3.1 Overview of the phenotypes of echinoid alleles 
PE3b and PE3a are ed alleles created by excision of the P-element, I(2)k01102. 'ND' 
denotes not determined. 'NP' denotes not possible to determine. 
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3.3.1 echinoid eye phenotypes 
All echinoid alleles display an R8 twinning phenotype 
All of the ed alleles I have examined display an R8 twinning phenotype. This is 
clearly visible in third larval instar eye discs labelled to show Atonal and the R8 
marker Sens (figure 3.3.1, table 3.3.2). Ato expression is not properly resolved from 
the equivalence groups to a single R8 cell, causing twins or triplets of R8 precursors 
to develop per position rather than just one. However, Ato expression is 
downregulated at the normal time. In general, twinned R8 precursors are more 
common than triplets and single R8 precursors are also frequent, meaning some 
resolution of Ato expression does usually occur. (It is not clear that the equivalence 
group always consists of three cells. It could sometimes consist of two (Dokucu et 
al., 1996)). I use the expression 'R8 twinning' throughout the text to mean both twins 
and triplets of R8 precursors, unless otherwise stated. 
To assess the relative strengths of different ed alleles, I have counted the numbers of 
R8 precursors per group and calculated the amount of R8 twinning. Throughout the 
text, the R8 twinning data is always expressed in terms of both the proportion of R8 
positions that have more than one R8 precursor and also the mean number of R8 
precursors per position. The latter value reflects the number of equivalence groups 
not resolving at all, as well as those resolving partially to R8 twins (assuming that 
most equivalence groups consist of three cells). All of the R8 counting throughout 
this document is based on Sens-stained eye discs. Sens antibody staining has been 
shown to mark R8 precursors in mutant backgrounds where too many R8 precursors 
are selected (Frankfort et al., 2001). 
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Figure 3.3.1 echinoid eye phenotypes 
(A-C) Scanning electron micrographs of adult eyes, courtesy of Neil White. (A) Wildtype. (B) 
ed412! ed4 12  (C) edH2a/I(2)k01102.  (D-l) Confocal images of third instar eye discs stained 
with antibodies to show Atonal protein, green and the RB marker Senseless, red. (D) 
Wildtype. (E) ed 21ed"2. (F) edH231Df(2L)eddp.  (G) at&° 8/  (H) ed4'21at&° . (I) ed 21+. 
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R8 twinning is strongest in ed"2 homozygotes and the transheterozygotes ed4 ' 2! ed' 4 
and ed"2! ed" (table 3.3.2). However, the adult eyes of ed. 2! Df(2L)ed-dp, ed" 231 
ed"2, ed"2311(2)k01102 and 1(2)k011021Df(2L)ed-dp appear to be rougher than those 
of the preceding genotypes (figure 3.3.1). ed"2 homozygotes have additional 
external photoreceptor cells (section 2.2.12, NMW pers. comm.); this was also 
reported by Bai et al. (2001) for the ed allele they examined. Additional R cell 
recruitment is probably a general characteristic of loss of function mutations at the ed 
locus, and may be the cause of the more severe rough eyes. The R8 defects and the 
recruitment defects are likely to be separate (rather than additional outer R cell 
recruitment being caused by the extra R8 precursors). I have observed no defects in 
R8 spacing in any of the ed mutants examined with Boss antibody staining (data not 
shown). 
ed"'2 was identified as an enhancer of the ato'°968 adult rough eye phenotype. The 
other ed alleles do not seem to enhance the ato'0968 adult rough eye (data not shown). 
One of the defects in ato'09681 + eyes is R8 twinning (White and Jarman, 2000). The 
amount of R8 twinning in ato'0968 is enhanced in the presence of one copy of ed"2 
(figure 3.3.1, table 3.3.2). There is very little R8 twinning in ed4 ' 2 heterozygotes, 
even though they have a slight adult rough eye phenotype (figure 3.3.1, table 3.3.2), 
so the additional R8 twinning in ato'09681 ed"2 larvae must reflect a true interaction 
rather than an additive effect. The P element induced allele of ed, 1(2)k01102, which 
does not interact with the adult rough eye of ato'0968, does enhance the ato'°968 R8 
twinning phenotype slightly (table 3.3.2). White and Jarman (2001) suggested that 
R8 twinning in ato'0968 results from an effect of the excess Ato on undefined 
signalling mechanisms required for correct R8 resolution. Echinoid may also affect 
these unknown process(es). 
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Allelic combination Proportion of R8 positions 
with >1 R8 precursor 
Mean number of R8s 
per position 
Wildlype 0.0003 ± 0.0007 	n=8, 1520 1.003 ± 0.05 
ed412 /ed412 0.58 ± 0.02 	n=10, 632 1.63 ± 0.02 
ed412 1+ 0.0081 ± 0.0021 	n=8, 1841 1.01 ± 0.002 
ed412 /Df(2L)ed-dp 0.54 ± 0.015 n=6, 1124 1.60 ± 0.02 
ed"23 /ed 2 0.47 ± 0.015 	n=4, 1081 1.49 ± 0.02 
ed"23 /Df('2L)ed-dp 0.47 ± 0.017 n=4, 855 1.51 ± 0.02 
ed"23 /1(2)k01102 0.31±0.014 	n=5, 1138 1.27±0.01 
1(2)k011021 Df(2L)ed-dp 0.3 ± 0.012 n=7, 1418 1.08 ± 0.01 
PE7d/Df(2L)ed-dp 0.33 ± 0.028 	n=2, 282 1.33 ± 0.03 
PEW Df(2L)ed-dp 0.27 ± 0.06 n= 1, 63 1.27 ± 0.06 
ed44/ed412 0.86 ± 0.01 	n=6, 1234 2.08 ± 0.02 
ed6 '/ed412 0.73 ± 0.012 n=5, 1457 1.83 ± 0.02 
Table 3.3.2 Frequency of R8 twinning in various echinoid alleles 
Amount of R8 twinning ± the standard error. The number of discs and number of R8 
positions counted is shown. 
Genotype Proportion of R8 positions 
with >1 R8 precursor 
Mean number of R8s 
per position 
ato 10968/CyO 0.18 ± 0.010 	n=7, 2627 1.20 ± 0.008 
ato'°9681ed412 0.32 ± 0.011 n=7, 1703 1.35 ± 0.01 
ato' 0968/1(2)k01102 0.22 ± 0.011 	n=6, 1428 1.25 ± 0.01 
0.0081 ± 0.0021 	n=8, 1841 1.01 ± 0.002 
Table 3.3.3 Interaction between ato1098 and echinoid 
Amount of R8 twinning ± the standard error. The number of discs and number of R8 
positions counted is shown. 
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ed4 ' 2 can also interact with an ato loss of function allele. at02 has a severely reduced 
adult eye due to the loss of an eye enhancer element (White and Jarman, 2000). One 
copy of ed4'2 suppresses the eye phenotype of ato2 . This is consistent with the 
increase in Ato expressing cells in ed"2 (data not shown). 
Overexpression of echinoid in the eye 
Overexpression of UASed in the eye using scaGal4, which is expressed in the 
intermediate groups and R8 cells (Baker et al., 1996), results in an adult rough eye 
phenotype if the flies are raised at 29°C (figure 3.3.2). Staining of third larval instar 
eye discs from the cross scaGal4/CyO x UASed/I'm3 with Atonal, Sens and Boss 
antibodies reveals no defects in the number or spacing of the R8 precursors (data not 
shown). The adult rough eye could be due to an effect on the recruitment of the outer 
photoreceptors. This is consistent with the published role for Ed in outer R cell 
recruitment (Bai et al., 2001). Alternatively, any larval R8 specification phenotype 
may have been missed as the genotype of the larvae that were dissected was 
unknown (although in excess of 150 larvae were examined). 
Apart from the above, it is certainly difficult to cause an adult phenotype by 
overexpressing ed in the eye. At 25°C scaGal4/+; UASedJ+ flies had no adult eye 
phenotype (data not shown). Similarly, overexpressing ed just anterior to the furrow 
using dppGal4 at 25°C had no effect on the external structure of the adult eye (data 
not shown). Nor did overexpression with ptcGal4 (data not shown). In addition, 
overexpression using heatshock Ga14 (30 minutes at 38'C, followed by 4 hours 
recovery at 18°C) could not affect R8 specification as judged by Atonal/Senseless 
antibody staining of third instar eye discs or the external eye of flies which 
completed their development at 18°C (data not shown). This suggests that R8 
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specification is not very sensitive to excess Ed, unlike bristle development (section 
3.3.2). 
 
Figure 3.3.2 Overexpression of echinoid in the 
eye 
(A, B) Light micrographs of adult eyes. (A) Wildtype. 
(B) scaGal4/+; UASed/+ raised at 29°C. 
Clonal analysis of ed in the eye 
ed412 clones in the adult eye were sectioned to find out whether there is a tendency 
for any particular R cell to be recruited from the Ed positive or negative population. 
This revealed that Ed is not required specifically in any of the outer R cells (NMW 
pers. comm., data not shown). 
Clonal analysis was also used to examine the phenotypes of the lethal ed alleles and 
to determine the cells in which Ed is required during R8 specification. I used the ed 
alleles that have the most severe lethal phenotypes and are not P-element induced. 
ed'1123 is an EMS-induced mutation that is lethal as a homozygote or hemizygote 
during pupation, and has a moderate R8 twinning phenotype (table 3.3.2). ed44 and 
are also EMS-induced alleles of ed. They are homozygous or hemizygous lethal 
during late embryo or early larval stages, and have very severe R8 twinning 
phenotypes in combination with ed4'2 (table 3.3.2). I generated homozygous clones 
L'T 
(Ft; 	L'FL'aLt' i; UI 	/?1H11il 
of each of these alleles. They had very similar phenotypes which differed only 
slightly in severity and will be considered together (table 3.3.4, figure 3.3.3). 
In the centre of the clones (excluding mutant cells adjacent to the wildtype tissue) 
many R8 precursors were twinned or tripled as assessed with Sens antibody staining 
(figure 3.3.3, table 3.3.4). In no case was this a completely penetrant phenotype. 
Staining with an antibody against Boss protein shows that even in the largest clones 
R8 spacing is not disrupted (figure 3.3.3). The morphogenetic furrow may be 
advancing more quickly in the mutant tissue (visible in clones which cross the 
furrow). The size of the mutant clones does not differ from that of the wholly 
wildtype twinspots (data not shown). The clonal analysis supports the conclusion that 
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Figure 3.3.3 Clonal analysis of echinoid in the eye 
(A) Confocal image of third instar eye disc with a homozygous ed61 clone marked by the 
absence of nIsGFP, green and stained to show Senseless protein, red and Boss protein, 
blue. The clone borders are marked with a white line. Arrow heads mark twinned R8 
precursors consisting of one wildtype and one mutant cell. (A') Senseless. (A") Boss. (B) 
Confocal image of third instar eye disc with ed44 homozygous clones marked by the absence 
of nIsGFP, green and stained to show Senseless protein, red. The clone borders are marked 
with a white line. R8 twins that consist of one wildtype and one mutant cell are marked with 
arrow heads, and a wildtype R8 pair on the border of the clone is marked with an arrow. (B') 
Senseless protein. (B") nIsGFP. (C) Confocal image of third iiistär eye disc at higher = 
magnification with a homozygous ed6-1 clone marked by the absence of nlsGFP, green and 
stained to show Senseless protein, red. The clone borders are marked with a white line. 
Arrow heads mark twinned R8 precursors consisting of one wildtype and one mutant cell. 
(C') Senseless protein. (C") nlsGFP. 
At the border of the clones, R8 twins that consist of one wildtype and one mutant cell 
can be observed (figure 3.3.3, table 3.3.2 which refers to them as mixed twins). 
These presumably come from equivalence groups that have been bisected by the 
clone. It is thought that during equivalence group resolution one cell somehow 
becomes less sensitive to Notch mutual inhibition and starts to differentiate as the R8 
precursor (Baker, 2000). It prevents the other cells from differentiating through 
lateral inhibition (Baker, 2000). Assuming Ed is not the cue that protects one cell 
from Notch signalling (which is unlikely as I would expect the phenotypes to be 
completely penetrant if it were, unless of course it is acting redundantly) it is possible 
to draw some conclusions about whether Ed is required in the cell sending or 
receiving the inhibitory signal. This does not imply that Ed is required for the 
transmission or receipt of the signal itself. There are two possibilities: 
1. In the mixed twins the wildtype cell is unable to prevent the mutant cell 
differentiating as an R8. The wildtype cell should still be able to send the Notch 
signal. Ed must therefore be required autonomously in the cell receiving the 
M. 
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signal. However, the mutant cell is also unable to prevent the wildtype cell from 
differentiating as an R8, suggesting that Ed is also required in the cell sending the 
signal. By these arguments Ed is required both non-autonomously in the cell that 
is to become the R8 and autonomously in the cell that is to be inhibited from 
becoming the R8. This model implies that once a cell becomes less responsive to 
Notch signalling and begins to differentiate as an R8, its fate is not fixed and it 
can still be affected by the other cells of the equivalence group. This notion is 
supported by studies using a AIlS  allele (Baker et al., 1996). Raising N larvae at 
the restrictive temperature allowed groups of R8 precursors expressing Atonal in 
column 0 to be formed. If the larvae were shifted back to the permissive 
temperature, the extra Atonal expression disappeared by columns 2-3. Similarly, 
expression of N' could repress Atonal expression at the single cell stage (Baker 
et al., 1996). 
2. Alternatively, Ed is only required autonomously in the cell that is to be prevented 
from becoming the R8. In this scenario the wildtype cell in the mixed twin has 
been fated as the R8, but the mutant cell cannot respond to the inhibitory signals 
and so also becomes an R8 precursor. This implies that the fate of an R8 
precursor cell is fixed very early on, something that is unlikely to be the case (see 
above). Moreover, this model predicts that mixed twins can only occur when the 
cell that would normally become less sensitive to Notch inhibition, and hence the 
R8, is on the wildtype side of the clone border. If being mutant for ed does not 
affect which of the equivalence group would normally become the R8, then the 
endogenous R8 has an equal chance of being wildtype or mutant in equivalence 
groups which are bisected by a clone. This predicts that only half of the 
equivalence groups which are bisected by the clone will become mixed R8 twins 
or less than half, as the ed phenotypes are not fully penetrant. Unfortunately it is 
not possible to know which of the equivalence groups were bisected by the clone 
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when looking at the final R8 arrangement of the disc. However, there does appear 
to be the same frequency of R8 twinning at the borders of the clones as in the 
centres (table 3.3.4), suggesting that this model of a wholly cell autonomous role 
for Ed is incorrect. 
Very occasionally a twinned R8 pair consisting solely of wildtype cells is observed at 
the border of an ed mutant clone, once for ed' ' 23 clones and once for ed44 clones 
(figure 3.3.3, table 3.3.4). There is no significant amount of twinning in the 
heterozygous tissue of any of the alleles used. In both cases, the cells are at the very 
edge of the clone and it seems likely that the third cell of the equivalence group was 
mutant for ed. 
My analysis of ed mutant clones reveals that the only defect in R8 specification in ed 
mutants is in equivalence group resolution, and that Ed is required both in the cells 
sending and in the cells receiving the inhibitory Notch signal during this process. The 
Li proteins can bind homotypicaily on adjacent cells (Hortsch, 1996); Ed protein 
may also be doing this. 
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Genotype Proportion of R8 positions Mean number 
with >1 R8 precursor R8s per position 
ed'"23 clone centre 0.39 ± 0.025 1.40 ± 0.03 
n6, 375  
ed'"23 clone border (inc. 0.38 ± 0.028 1.39 ± 0.03 
twins over border) n=6, 251 
ed' "2 outwith clone at border 0.002 ± 0.0018 1.002 ± 0.002 
n=6, 649  
ed'"23 outwith clone, not 2 twins in 8 discs, total no. R8 positions not 
border counted. 
ed'14 clone centre 0.38 ± 0.09, 1.48 ± 0.03 
n=2 discs, 4 large clones, 29  
ed'1 ' 1 clone border (inc. twins 0.45 ± 0.06 1.45 ± 0.06 
over border) n=2 discs, 4 large clones, 73  
ed44 outwith clone at border 0.05 ± 0.03 1.05 ± 0.03 
n=2 discs, 4 large clones, 60  
ed' 4 outwith clone, not 0 0 
border n=2 discs, 4 large clones, 428 
ed6 ' clone centre 0.48 ± 0.05 1.52 ± 0.006 
n=6 discs, 9 large clones, 109  
ed6"clone border (inc. twins 0.36 ± 0.03 1.37 ± 0.03 
over border) n=6 discs, 9 large clones, 235  
ed6 ' outwith clone at border 0 0 
n=6 discs, 9 large clones, 144  
ed6 ' outwith clone, not 0 0 
border n-6 discs, 9 large clones, 
1083  
Table 3.3.4 R8 twinning in echinoid clones 
Amount of R8 twinning ± the standard error of the mean in different areas of discs containing 
ed clones. The number of discs, number of clones and number of R8 precursors counted is 
recorded. 
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3.3.2 echinoid bristle phenotype 
All of the ed alleles have additional es organs. This has been assessed most 
completely for ed4 ' 2 , which has a variable number of extra macrochaetae with the 
DC and SC regions being the most severely affected (table 3.3.5). These additional 
macrochaetae are never in ectopic positions, and appear to be duplications of existing 
macrochaetae. Moreover, on homozygous ed4'2 adults the microchaetae, recurved 
wing margin chemosensory bristles, interommatidial bristles and the sensilla 
coeloconica are also significantly increased in density (BL pers. comm., section 
2.2.12, table 2.2.2). Even though ed"2 homozygotes have one of the strongest R8 
phenotypes, 1(2)K011021 Df(2L)ed-dp and 1(2)K011021 edh!23  have the most severe 
bristle phenotypes with an average of 11.5 and 12 dorsocentral macrochaetae 
respectively (table 3.3.5, figure 3.3.4). The microchaetae appear to be increased in 
density in all ed mutants, but absolute numbers have not been counted. The mean 
numbers of es organs shown throughout the text refer to the total number of es 







Figure 3.3.4 echinoici bristle phenotypes 
(A-C) SEMs of adult thoraces, courtesy of Neil White. (A) Wildtype. (B) ed' 12/ ed' 12 . ( C) 
ect'231I(2)kO1 102. Note the large clusters of dorsocentral bristles, marked by arrows. (D-G) 
Confocal images of wing imaginal discs at puparium formation stained with an antibody 
against Senseless protein. (D) Wildtype. (E) act'231 I(2)k01102. Note the additional SOPs, 
particularly in the SC (arrow head) and DC (arrow) regions. (F) Wildtype dorsocentral and 
scutellar SOPs enlarged from (D). (G) ect'231I(2)k01102, dorsocentral (arrow) and scutellar 
(arrow head) SOPs enlarged from (E). (H, I) Confocal images of wing imaginal discs stained 
with antibodies against Achaete protein and Senseless protein. (H) Wildtype. (I) ed"23! 
I(2)k01102. (J, K) Achaete stained wing discs, enlarged from (H) and (I). (J) Wildtype 
dorsocentral and scutellar proneural clusters from (H). (K) ed"23/I(2)k01102 dorsocentral 
and scutellar proneural clusters from (I). Note the increased number of strongly staining 





Mean number of 
DC 
macrochaetae 
Mean number of 
SC 
macrochaetae 
Mean number of 
wing margin 
recurved bristles 
Wildtype(OrR) 4.00±0 n=15 4.00±0 n=15 19.6±0.45 n=15 
ed"'2 Ied4 ' 2 5.40±0.27 n=10 5.90±0.31 n=10 29.8±0.7 n=10 
4.06 ± 0.06 n=17 4.12 ± 0.08 n=17 24.4 ± 0.73 n=12 
ed"2 / Df(2L)ed- 4.04 ± 0.04 n=23 
dp  
5.96 ± 0.17 n=23 28.6 ± 0.50 n=8 
ed"23 / 12.0 ± 0.58 n=3 
1(2)kOl 102  
7.33 ± 0.88 n=3 33.7 ± 1.2 n3 
1(2)k011021 11.5 ± 1.5 n=2 
Df(2L)ed-dp  
6.50 ± 0.50 n=2 ND 
PE3b/Df(2L)ed- 8.00± 0 n=6 
dp  
5.17 ±0.17 n=6 32.0±1.16 n3 
PE3a/Df(2L)ed- 10 n=1 
dp  
7 n=1 32.5 n=2 
6.11 ± 0.3 n= 18 4.67 ± 0.14 n=18 30.13 ± 0.24 n=32 
ed6 '/ed4 ' 2 5.85 ± 0.22 n=20 5.35 ± 0.21 n=20 29.36 ± 0.4 n=36 
Table 3.3.5 Numbers of bristles in echinoid alleles 
Data shown is mean total number of es organs ± standard error of the mean (not the mean 
number per position). n is the number of flies counted. ND is not determined. 
Additional SOPs are selected in ed mutants 
Anti 13-galactosidase staining of the A101 (neuralized) enhancer trap line in an ed"'2 
homozygous background or with Sens antibody in ed4 ' 2 homozygotes reveals that 
additional macrochaetae SOPs are selected (data not shown). This is also the case for 
the alleles with more severe bristle phenotypes (figure 3.3.4, and data not shown). 
The extra SOPs arise very close to the wildtype SOPs and appear to come from the 
same PNCs. Staining discs with a scRNA probe or an Achaete antibody shows there 
is no general increase in proneural gene expression, but more than one strongly 
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staining cell (the neural precursors) now arise from the same PNC (figure 3.3.4 and 
data not shown). The sc enhancer that is responsible for upregulation of expression in 
the selected SOP has been identified (Culi and Modolell, 1998). Using this 
scSOPenhancerGal4 line crossed to UASGFP to examine the activity of the enhancer 
in an ed4 ' 2  background reveals extra GFP expressing-cells compared to the wildtype 
(data not shown). 
ed4 ' 2 interacts strongly with mutations in the AS-C. Overexpression of UASsc in the 
PNCs using 109-68Gai4 results in additional macrochaetae, because more cells 
accumulate enough sc to become SOPs (Jarman and Ahmed, 1998). This phenotype 
can be enhanced by removing one copy of ed4 ' 2 (table 3.3.6). In addition, ed4"2 
homozygous phenotypes can be modified by loss of function alleles of the AS-C. One 
copy of the deletion Df(1)sc 857 , which removes the entire AS-C, can suppress the 
ed4'2  homozygous bristle phenotypes (table 3.3.6). The ed4 ' 2 homozygous bristle 
phenotypes are also suppressed to the same extent by one copy of ase', which 
removes ase and perturbs some sc function (Jarman et al., 1993a). Interestingly, ase 
is not expressed in the PNCs, but only on the transition from PNC to SOP (Brand et 
al., 1993), suggesting that it is this transition that is facilitated in ed mutants. 
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Genotype Mean number of 
DC macrochaetae 
Mean number of 
SC macrochaetae 
ed4 ' 2 /ed"2 5.40 ± 0.27 	n=10 5.90 ± 0.31 	n=10 
Df(1)sc 857/+; ed4 ' 21 ed412 4.83 ± 0.48 	n=6 4.17 ± 0.17 	n=6 
ase' / +; ed412 /ed412 4.80 ± 0.20 	n=5 4.40 ± 0.18 	n=13 
109-68Gal4, UASsc / + ND 5.40 ± 0.32 	n=8 r109-68Gal4, UASsc/ed 4 " I 	ND 8.00 ± 0.26 	n=15 
Table 3.3.6 Interactions between ed412 and the achaete-scute complex 
Mean number of es organs ± standard error of the mean. n is the number of flies counted. 
ND is not determined. 
Overexpression of ed in the bristles 
scaGal4 drives expression in the PNCs, the SOPs and their daughter cells (Nakao 
and Campos-Ortega, 1996). Overexpression of UASed using scaGal4 removes most 
of the adult bristles when the flies are raised at 29°C (figure 3.3.5, table 3.3.7). The 
bristles affected include the thoracic and ocellar macrochaetae, as well as thoracic 
microchaetae and abdominal bristles. However, there is also some bristle duplication, 
particularly of the dorsocentral macrochaetae and the stenopleural bristles (table 
3.3.7). There are similar phenotypes if the scaGal4/ +; UASedJ+ flies are raised at 
25°C, although bristle loss is less penetrant at this temperature (table 3.3.7). The 
figures for mean total number of DC and SC macrochaetae mask the variations that 
are observed in each fly, whereby bristles at some positions are duplicated whilst 
others are missing altogether. The bristles that are present are frequently misplaced 
relative to one another, as if the wrong cell has been selected from the PNC. 
Macrochaetae with 2 or 3 shafts per socket are also occasionally seen, as are sockets 
without a shaft, which suggests that excess Ed can interfere with the cell fate 
decisions that occur as the SOP divides. At 29°C the most penetrant phenotype is 
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bristle loss. Similar phenotypes are obtained for the scutellar macrochaetae if ed is 
overexpressed using ptcGal4 (data not shown). 
Figure 3.3.5 Overexpression of echinoid in the proneural clusters: adult 
phenotypes 
(A, B) Light microscope images of the adult thorax. (A) Wildtype. (B) scaGal4/ +; UASed/ + 
(raised at 29°C). Note the high proportion of missing bristles. (C, D) Light microscope images 
of the adult abdomen. (C) Wildtype. (D) scaGal4 / +; UASed / + ( raised at 29°C). Note the 
high proportion of missing bristles. (E, F) Light microscope images of the adult head. (E) 
Wildtype. (F) scaGa14/+; UASed/+ (raised at 29 0C). Note the high proportion of missing 
bristles. (G) Light microscope image of the dorsocentral region of an adult thorax at higher 
magnification, scaGal4 / +; UASed / + ( raised at 29 0C). Note the high proportion of missing 
bristles. An arrow marks a bristle with two shafts and an arrow head marks a misplaced 
bristle. 
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Genotype Mean number of DC 
macrochaetae 
Mean number of SC 
macrochaetae 
scaGal4I+; UASed/+ 25°C 3.83 ± 0.28 	n=29 2.41 ± 0.30 	n=29 
scaGal4/+; UASedI+ 29°C 2.19 ± 0.24 	n=16 0.88±0.22 	n=16 
Table 3.3.7 The effects on macrochaetae number of overexpression of 
echinoid in the bristle PNCs 
Mean number of es organs ± standard error of the mean. n is the number of flies counted. 
Staining of the wing imaginal discs of scaGal4/+; UASed/-i- larvae, raised at 25°C, 
for Achaete and Senseless proteins reveals that in some cases an additional SOP is 
selected from the PNC (figure 3.3.6). In other areas, no SOP arises from the PNC and 
the PNC persists for longer than in the wildtype larvae (figure 3.3.6). 
Loss of SOPs is the predominant phenotype caused by ed overexpression at 29°C 
(when expression of ed is the strongest). A very similar phenotype is caused by the 
overexpression of the E(spl)Complex (E(spl)C) genes, E(spl)rn8 or E(spl)rn7 with 
daGal4 (Culi and Modolell, 1998) and by the expression of constitutively active N 
(Bang et al., 1995; Struhl et al., 1993). Similarly, expression of dominant negative 
raf in the PNCs can prevent the sc accumulation in the SOP, and hence SOP 
specification (Culi et al., 2001). Overexpression of ed also causes an effect on the 
SOP divisions. Notch pathway signalling has to be tightly regulated for the correct 
SOP daughter cells to be formed (Guo et al., 1996). Loss of Notch function at the 
first division results in a conversion of Pila to Pub, and at the division of Pilib 
results in a conversion of the sheath cell fate into a neuronal cell fate 
(Artavanistsakonas et al., 1995; Guo et al., 1996). Gain of Notch function causes the 
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opposite fate transformations, so all four cells of the lineage become sockets (Guo et 
al., 1996). Egfr signalling also has a role in the differentiation of the SOP, but this 
has yet to be well characterized. What is known is that overexpressing dominant-
negative raf can prevent the emergence of the shaft (Culi et al., 2001). It is not clear 
which of the cell fate decisions the excess Ed is affecting. No SOP division 
phenotypes have been observed in ed mutants and Ed may not normally have a role 
here. The phenotypes observed on overexpressing ed in the macrochaetae PNCs are 
consistent with either an increase in Notch signalling or a decrease in Egfr signalling. 
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phenotypes 
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Figure 3.3.6 Overexpression of echinoid in the proneural clusters: larval 
phenotypes 
(A, B) Third larval instar wing discs stained for Achaete protein in green and Senseless 
protein in red. (A) Wildtype. (B) scaGa141+; UASed/+, raised at 25°C. The arrow points to an 
additional dorsocentral SOP. (C, D) Wing discs at puparium formation stained for Achaete in 
green and Senseless in red. (C) Wildtype. (D) scaGal4/+; UASed/-i-, raised at 25°C. The 
arrow head marks a proneural cluster that has persisted for longer than wildtype and does 
not have an SOP. (A', B', C', D') Senseless. (A", B", C", D") Achaete. 
3.3.3 echinoid growth phenotype 
Wing discs from some ed mutant combinations are much larger than their wildtype 
counterparts (figure 3.3.7). The ed alleles that have the strongest affect on wing disc 
size are those that are lethal during pupation or as pharate adults. ed"'231Df(2L)ed-dp 
and ed1"231 1(2)k01102 are the combinations that most severely affect wing disc size, 
although ed4 ' 21 ed4'2 larvae do have slightly larger wing discs (figure 3.3.7). The 
effect is greatest in the wing discs, although leg and eye discs of ed' "231 1(2)k01102 
may be slightly larger than wildtype (data not shown). Preliminary data suggests that 
the defect may partly be due to an increase in cell size (data not shown). The large 
wing discs can be patterned correctly and have been observed to have Senseless and 
Scabrous antibody staining in the correct positions (data not shown). 
The opposite result is obtained by overexpressing ed. scaGal4/ +; UASedJ + flies 
raised at 29°C have smaller wings than their wildtype counterparts (figure 3.3.7). 
This could be either due to the absence of many sense organs (section 3.3.2) which 
are larger than the epidermal cells or due to a non-autonomous effect on the growth 
of the wing disc itself. The latter explanation seems to be much more likely, because 
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there are very few sense organs in the wing except along the wing margin and vein 
U. Similarly, if ed is overexpressed in the posterior compartment of the wing using 
engrailedGal4 (enGal4) at 29°C, the adult flies have a much smaller wing (figure 
3.3.7), although no defects are observed in the thorax or the legs (data not shown). 
The anterior-posterior compartment boundary in the wing runs just above vein U. 
The enGal4/+; UASed/ + wings have a very tiny posterior compartment and also a 
reduced anterior compartment (figure 3.3.7). This suggests that Ed is acting both 
autonomously and non-autonomously to regulate tissue size. In the posterior 
compartment of these wings, the hairs appear to be very close together. This is 
indicative of smaller cell size. 
Very little apoptosis occurs during normal wing disc development (Milan et al., 
1996; Milan et al., 1997). It seems likely that Ed is altering wing size by changing 
rates of cell proliferation, changing cell size, or altering the mechanism that 
determines final tissue size. Bai et al. also observed a reduction in wing size when 
overexpressing ed (Bai et al., 2001). 
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Figure 3.3.7 Growth phenotypes in echinoid mutants 
(A-C) Third instar larvae wing discs of approximately the same age stained to show scute 
mRNA (used for staging). (A) Wildtype. (B) ed412/ ed412 . (C) ect231 Df(2L)ed-dp. (D-F) Adult 
wings from females. (D) Wildtype. (E) scaGal4/+; UASed/-#- raised at 29°C. (F) enGaI4/+; 
UASed/+ raised at 29°C. 
3.3.4 echinoidchordotonal organ phenotypes 
echinoid RNA is provided to the embryos maternally. In spite of this, two of the 
three alleles for which homozygous mutant embryos have been examined have 
additional lateral chordotonal organs. ed4 12  homozygous embryos have lch 6-7 rather 
than the wildtype lch5 (NMW pers. comm., figure 3.4.5). A similar phenotype is 
found in ed5 ' homozygous embryos (section 3.2.1, figure 3.2.2). 
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3.3.5 Summary 
The most obvious phenotype caused by mutating ed is additional sense organs. These 
extra sense organs never arise at ectopic locations and I have shown, at least for the 
eye and the thoracic macrochaetae, that additional neural precursors are selected 
from the normal PNCs. I have shown that the overall levels of expression of the 
proneural genes are not affected by Echinoid. These data imply that the main role of 
Ed is to limit the number of neural precursors selected from a PNC (es organs) or an 
equivalence group (the eye). Overexpression of ed in the es organ PNCs confirms 
this. However, the observation that the ed alleles with the most severe R8 phenotypes 
do not always have the most severe bristle phenotypes (and vice versa), and the 
different effects of overexpressing ed in the eye and the bristles, imply that these 
phenotypes may have different molecular bases and hence that Ed may have more 
than one function. 
3.4 echinoid's relationship with signalling 
events in PNC resolution 
Echinoid protein is most similar to the Li family of neural cell adhesion molecules 
(Bai et al., 2001). This family of proteins has been shown to affect cell signalling 
events (Hortsch, 1996; Kamiguchi and Lemmon, 2000). For example, Drosophila 
neuroglian (nrg) can affect signalling through the FGF receptor heartless and the 
Egfr during ocellar axon pathfinding (Garcia-Alonso et al., 2000). It is possible that 
Ed may also interact with signalling pathway(s) in order to affect cell fate within the 
PNC. In support of this idea, the intracellular domain of Ed is required for its 
function which is consistent with a role in cell signalling (Bai et al., 2001). To 
determine whether changes in intercellular signalling events underlie the ed mutant 
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phenotypes, I have examined the signalling events that occur during PNC resolution 
in ed mutants. 
3.4.1 Signalling events during R8 specification in echinoid 
mutants 
There are two defects in ed mutant eyes: incomplete resolution of Atonal expression 
leading to the selection of additional R8 precursors, and an outer R cell recruitment 
defect. The recruitment defect has been closely examined by Bai et al. (2001), who 
identified a role for Ed in modulating Egfr signalling. I chose to focus on the R8 
twinning phenotype. During R8 selection Notch signalling is essential for PNC 
resolution. No role for the Egfr pathway has been identified during this resolution 
process, although Egfr signalling has other functions at this stage of eye development 
(Baker and Yu, 1998; Baker et al., 1996; Baker and Zitron, 1995; Baonza et al., 
2001; Dominguez et al., 1998; Kumar et al., 1998; Spencer et al., 1998; Yang and 
Baker, 2001). I have examined possible roles for Ed in Notch and Egfr pathway 
signalling during R8 specification. 
Notch signalling in echinoid mutants 
R8 twinning in ed4 '2 homozygous eye discs can be enhanced by one copy of the null 
Notch allele NSSII.  (Compare NSSuh/ +; ed4'21 ed4'2 with the Fm7cGFP/ +; ed4 '21 
ed4 ' 2 control (figure 3.4.1 and table 3.4.1)). These eye discs do not exhibit an R8 
spacing defect. N55/ + cannot enhance the heterozygous ed4 ' 2 R8 twinning 
phenotype (in contrast to the bristle results - section 3.4.2, table 3.4.4). 
Notch signalling is crucial for the resolution of Atonal expression, and ed alleles 
might be expected to interact with N mutations irrespective of whether there is a 
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functional relationship. To address whether Ed is involved directly in Notch 
signalling in the eye, I have also examined levels of E(spl)C expression. Expression 
of the E(spl)C genes occurs during lateral specification in the eye in response to 
Notch signalling (Ligoxygakis et al., 1998). Several members of the E(spl)C are 
expressed in the morphogenetic furrow. They appear to act redundantly and it is not 
clear which are necessary for ato repression (de Celis et al., 1996; Ligoxygakis et al., 
1998). The E(spl)D  allele interacts strongly with because E(spl)D  causes an 
increase in lateral inhibition (Klambt et al., 1989; Nagel and Preiss, 1999). The lesion 
in E(spl)D causes the E(spl)m8 transcript to be stabilised and also causes a small 
deletion in the protein (Klambt et al., 1989; Tietze et al., 1992). This indicates that 
E(spl)m8 is one of the E(spl)C genes that is important for lateral inhibition in the eye. 
Consequently, I have examined levels of E(spl)m8 mRNA in wildtype, ed4 ' 21 ed4'2 , 
ed"23! Df(2L)ed-dp and ed'"231 1(2)k01102 eye discs (figure 3.4.1 and data not 
shown). No changes in levels of E(spl)m8 mRNA were observed. Therefore, I have 
found no direct evidence that Ed is involved in Notch pathway function in the eye. 
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Figure 3.4.1 Interactions between echinoid412 and the Notch and Egfr 
pathways 
(A-E) Confocal images of third instar eye discs stained to show Senseless protein. (A) ed4121 
ed412. ( B) ed412 +1 ed412 Egfr131.  (C) ed 12/  ed412; git 7/ +. (giI 7 is an allele of argos). (D) 
Fm7cGFP/ +; ed 121 ed 12  (E) M5eIY -t-; ed 2/ ed 2. (F-K) Light microscope images of third 
larval instar eye discs stained with antisense mRNA probes. (F, G) pointedPl mRNA probe. 
(F) Wildtype. (G) ed4 121 ed4' 12. ( H, I) rhomboid mRNA probe. (H) Wildtype. (I) ecf 12/ed 12  (J, 
K) E(spl)m8 mRNA probe. (J) Wildtype. (K) ec1 12/ed4' 12. 
Egfr signalling in echinoid mutants 
ed4 ' 2 interacts with the Egfr pathway mutations S and px (section 3.2.2). ed was 
shown by Bai et al. to modulate the Egfr signalling pathway during outer R cell 
recruitment (Bai et al., 2001), and Egfr signalling is very important during eye 
iiii:i 
Characterization of echinoid 
development. In the light of this I examined the effects of Egfr and argos (aos) 
mutations on the amount of R8 twinning in ed4 ' 2 homozygotes (table 3.4.1, figure 
3.4.1). Decreasing the amount of pathway activity by removing one copy of the Egfr 
suppresses the R8 twinning phenotype. Increasing the amount of Egfr pathway 
activity by removing one copy of the inhibitory ligand, aos (also known as gil), 
enhances the R8 twinning phenotype. Moreover, in the as interaction there is a 
particularly noticeable increase in the proportion of tripled R8 precursors, which is 
reflected in the large increase in the average number of R8 precursors per position. It 
has been suggested that Aos may have a role, albeit a redundant one, in the spacing 
of the R8 precursors (Spencer et al., 1998; Yang and Baker, 2001). However, I did 
not observe any R8 spacing defects in ed4 ' 2! ed412 ; gil 7 1+ eye discs stained with the 
R8 marker Boss, and there was no change in the pattern of Ato expression (data not 
shown). The interaction between ed4' 2 and the Egfr pathway in terms of R8 twinning 
is surprising, given that a cell can still adopt the R8 fate in the absence of Egfr 
pathway signalling (Baonza et al., 2001; Dominguez et al., 1998; Lesokhin et al., 
1999; Yang and Baker, 2001). 
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Genotype Proportion of R8 positions 
with >1 R8 precursor 
Mean number of 
R8s per position 
ed 12 I ed 12 0.58 ± 0.02 	n=10, 632 1.63 ± 0.02 
ed412, Egfr"°5 /ed''2 0.40 ± 0.018 n=6, 720 1.41 ± 0.02 
ed412  I ed412  (control for 
aos interaction)  
0.51 ± 0.051 	n=5, 1072 1.58 ± 0.02 
ed412 led412  ; gil' I + 0.69 ± 0.02 	n=3, 502 1.87 ± 0.03 
Fm7cGFP/-i-; ed4'21ed' 12 
(control for N interaction)  
0.38 ± 0.02 n=4, 864 1.40 ± 0.02 
N5511 / +; ed' / ed412 0.60 ± 0.01 	n=7, 1472 1.68 ± 0.02 
Fm7cGFPI+; ed4- ' 21+ 0.03 ± 0.005 n=5, 1151 1.03 ± 0.005 
N55 1+ ed4121-i- 0.07 ± 0.008 	n=6, 1146 1.07 ± 0.007 
Table 3.4.1 The effects of Notch and Egfr pathway mutations on the frequency 
of R8 twinning in echinoid 12 homozygotes 
Amount of R8 twinning ± the standard error. The number of discs and number of R8 
positions counted is shown. 
To visualise the levels of signalling through the Egfr pathway, I have examined 
rhomboid (rho) and pointedPl (pntPl) mRNA levels in wildtype and ed mutant eye 
discs. There is genetic evidence to suggest that pntPl transcription is increased in 
response to Egfr pathway activation (Gabay et al., 1996; Morimoto et al., 1996; 
Oneill et al., 1994; zur Lage et al., 1997). In the wildtype eye discs I first observed 
pntPl expression in groups of cells just posterior to the furrow, presumably in the 
intermediate clusters. Levels of pntPl mRNA are clearly increased in ed4"2 
homozygotes compared to wildtype (fig 3.4.1). Expression of pntPl is also slightly 
increased in ed''23/ 1(2)k01102 and ed"231 Df(2L)ed-dp eye discs (data not shown). 
rho expression can be activated by the Egfr pathway during follicle cell patterning, 
and it is probably also transcriptionally regulated by Atonal (Baonza et al., 2001; 
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Okabe and Okano, 1997; Wasserman and Freeman, 1998; zur Lage et al., 1997). In 
the eye disc, rho is expressed in R8, R2 and R5 (Baonza et al., 2001). Levels of rho 
expression do not vary between wildtype, ed4 ' 2/ ed4 ' 2 , ed1t1231  Df(2L)ed-dp and ed"231 
1(2)kO]102 eye imaginal discs (figure 3.4.1 and data not shown). Taken together, 
these data suggest that Ed has a role in negatively regulating the Egfr pathway during 
eye development and that it must interact with the pathway somewhere upstream of 
pntPl transcription. 
The relationship between echinoid and other mutations that affect equivalence 
group resolution 
Mutations in scabrous (sca) superficially have very similar phenotypes to ed 
mutants, including additional macrochaetae and R8 cells, although they also have an 
R8 spacing defect (Baker et al., 1990; Ellis et al., 1994; Lee et al., 1996; Mlodzik et 
al., 1990a). sca mutants have been known to be very closely allied to Notch pathway 
function for many years, and recently Sca protein was shown to bind directly to the 
Notch receptor (Baker and Zitron, 1995; Hu et al., 1995; Lee et al., 2000; Powell et 
al., 2001). sca encodes a secreted protein which is expressed from the equivalence 
group at low levels and then from the R8 precursor at a high level, preventing R8 
twinning (Mlodzik et al., 1990a). Lack of Sca protein could be the cause of the R8 
twinning phenotype in ed mutants. Staining of ed4 ' 2 homozygous eye discs with a 
Sca antibody revealed that Sca protein is present at higher levels than wildtype, 
presumably reflecting the greater number of R8 cells in the ed"2 homozygotes 
(figure 3.4.2, NPW pers. comm.). sca misexpression results in an R8 spacing defect 
but not in R8 twinning (Ellis et al., 1994), so the additional Sca protein is unlikely to 
account for the ed phenotypes. If anything, the increased Sca should mediate 
additional lateral inhibition. This suggests that Ed is downstream or independent of 
Sca. It is possible that Ed mediates the effects of Sca signalling, but this is unlikely 
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because their phenotypes are not identical (figure 3.4.2). In addition, N eye 
phenotypes are suppressed by sca mutants (Baker et al., 1990) (data not shown), 
whereas the ed4 ' 2 mutant behaves as a mild enhancer (data not shown). The 
expression patterns of some members of the E(spl)C are altered in a null sca mutant 
(Powell et al., 2001). No changes in E(spl)C expression were detected in ed mutants. 
Therefore, ed appears to function independently to sca. 
Mutations in the gene rough (ro) prevent correct Ato resolution, resulting in the 
selection of twinned and triplet R8 precursors. ro mutants do not affect R8 spacing, 
and in this respect are very like ed mutants (Dokucu et al., 1996). However, unlike ed 
no other neural precursor phenotypes have been identified in ro mutants (Dokucu et 
al., 1996). ro encodes a homeodomain transcription factor that is expressed only in 
the eye, mutually exclusively with Ato, and Ro expression is dependent on Egfr 
pathway signalling (Dokucu et al., 1996; Dominguez et al., 1998; Heberlein et al., 
1991; Tomlinson et al., 1988; VanVactor et al., 1991). The function of Ro appears to 
be to repress the R8 fate and promote outer R cell fate; indeed Ro expression is 
repressed in the developing R8 precursor by Sens (Frankfort et al., 2001). 
Theoretically, the R8 twinning phenotype in ed mutants could be caused by an effect 
on Ro expression. This is not the case. In ed4 ' 2 homozygous eye discs, Ro protein is 
still present at the same levels as wildtype and is still in a mutually exclusive pattern 
to Atonal (figure 3.4.2, NMW pers. comm.). Ed could be acting either downstream or 
independently of Ro. The eye phenotypes of ed and ro mutants are different. In ro 
mutants there is a general delay in Ato resolution and Ato can be seen in the cells 
between the intermediate clusters (Dokucu et al., 1996). These phenotypes do not 
occur in ed mutants, suggesting that Ed and Ro do function independently. 
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Figure 3.4.2 The relationship between echinoid, rough and scabrous 
(A-D) Confocal images of eye imaginal discs stained with antibodies against Atonal protein in 
green and Scabrous protein in red, courtesy of Neil White. (A) Wildtype morphogenetic 
furrow. (B) ed4121 ed412 morphogenetic furrow. (C) Wildtype R8 precursors under higher 
magnification. (D) ed 21 ed 2 R8 precursors under higher magnification. (E-H) Confocal 
images of eye imaginal discs stained with antibodies against Atonal protein in green and 
Rough protein in red, courtesy of Neil White. (E) Wildtype morphogenetic furrow. (F) ed 2/ 
ed 2 morphogenetic furrow. (G) Wildtype R8 precursors under higher magnification. (H) 
ed 21 ed112 R8 precursors under higher magnification. (I-M) Confocal images of eye 
imaginal discs stained with antibodies against Atonal protein, green, and Senseless protein, 
red. (I) ed 21 ed 2 (J) sca621 sca 2 . (K) ed 2, sca61'21 ed412, scaBl'2.  (L) r01631 roX63.  (M) 
ed 21ed 2 ; roX63/ ro (63. Anterior is to the left in all panels. 
R8 twinning is not completely penetrant in ed, sca or ro mutants, as some refinement 
of R8 fate can occur within equivalence groups of all three genotypes. This could be 
due to redundancy. To investigate this, I have characterized the R8 twinning 
phenotypes of sca and ro null alleles in detail, followed by an examination of ed4 '2 , 
scaB2 and ed4'2; r0  x 63  double mutants (table 3.4.2, figure 3.4.2). This has also 
allowed me to more completely determine whether the twinning mutants are 
genetically upstream or downstream of each other. 
The amount of R8 twinning in scaB2  homozygotes is substantially less than in ed4 ' 2 
homozygotes (table 3.4.2, figure 3.4.2), even though the former is thought to be a 
null allele (Baker et al., 1990). Similarly, roX63  is also thought to be a null allele 
(Heberlein and Rubin, 1991) and the amount of R8 twinning in ro" 63 homozygous 
eye discs is even less than in sca"2 (table 3.4.2, figure 3.4.2). Furthermore, there are 
very few examples of R8 triplets in each genotype, indicating that some resolution of 
Ato expression usually occurs (figure 3.4.2). 
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Genotype Proportion of R8 positions 
with >1 R8 precursor 
Mean number of 
R8s per position 
ed 12 I ed412 0.58 ± 0.02 	n=10, 632 1.63 ± 0.02 
sca'"2 /sCaBP2 0.32 ± 0.016 n=5, 884 1.34 ± 0.02 
ro 63 /roX63 0.14±0.011 	n= 8, 981 
(anterior only)  
1.15 ±0.01 
0.33 ± 001 	n=8, 2477 1.37 ± 0.01 
ed412,sca "2 /ed4127  + 0.34 ± 0.013 n=6, 1273 1.34 ± 0.01 
ed412, sca '2 / +, sca8"2 0.26 ± 0.011 	n=6, 1454 1.28 ± 0.01 
ed412, SCaBP2  ICyO 0.01 ± 0.004 n=3, 556 1.01 ± 0.005 
ed"21 CyO 0.014 ± 0.005 	n=3, 561 1.01 ± 0.005 
sca il'2! CyO 0.008 ± 0.0044 	n=2, 397 1.01 ± 0.005 
ed412/ed4.12; roX63/roX63 0.63 ± 0.02 n=5, 520 
(anterior only)  
1.81 ± 0.03 
Table 3.4.2 R8 twinning in echinoid, scabrous, rough and double mutants 
Amount of R8 twinning ± the standard error. The number of discs and number of R8 
positions counted is shown. 
In the case of ro mutant eye discs, there is a complication in that the number of cells 
staining with Sens antibody increases towards the posterior of the disc. This was 
observed for both ro"63 and ro' (figure 3.4.2, 3.4.3). About ten rows of R8 precursors 
posterior to the furrow, there is a slight drop in the level of Sens expression in all eye 
discs, followed by a rise three or four rows later (figure 3.4.2, data not shown). In ro 
mutant eye discs more cells begin to express Sens towards the posterior of the disc, 
as the levels of Sens protein rise again. The numbers of cells expressing Boss protein 
do not vary across these discs (data not shown) and the additional Sens expressing 
cells do not express 109-68Gal4, which is only activated in the developing R8 
precursor (figure 3.4.3). The additional Sens expressing cells in ro mutant discs are 
115 
Characterization of echinoid 
therefore not fated as R8 cells. These cells do not express the enhancer trap N30 
which marks Ri, R6 and R7 (Fischer-Vize et al., 1992), but do express the enhancer 
trap 032 which marks R3, R4 and R7 (Fischer-Vize et al., 1992) (figure 3.4.3). Sens 
can therefore be ectopically activated in R3 and 4 in a ro mutant background. Ro is 
expressed in R3 and R4 (Kimmel et al., 1990) and this ectopic Sens may mean that 
one of the functions of Ro is to repress Sens. All R8 counting that has been done in a 
ro mutant background has relied only on the anterior portion of the eye disc, and 
only the rows of cells before the drop in Sens levels were scored. In the course of 
these and other experiments (chapter 4), I noticed that the level of R8 twinning in 
ro '63 mutant eye discs was somewhat variable. To control for this, I have assessed the 
levels of R8 twinning in ro"63 at two time points, in several genetic backgrounds, and 
using Atonal staining alone, as well as Sens and Atonal together to mark the R8 
precursors (table 3.4.3). Unfortunately these data confirm that R8 twinning in ro '63 is 
highly variable, and although I have continued to use it as a measure, the amount of 
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Figure 3.4.3 The identity of the additional Senseless staining cells in rough 
mutant eye discs 
(A, B) Confocal images of eye imaginal discs stained with an antibody against Senseless 
protein, red and carrying 109-68GaI4, UASGFP, green. (A) 109-68GaI4, UASGFP. (B) 
109-68GaI4, UASGFP; ro1ro"63 . (C-H) Confocal images of eye imaginal discs stained with 
antibodies against Senseless protein, red and 3-Galactosidase, green. (C) Enhancer trap 
N301 +. (D) N301 +; ro11631 roX63. (E) N301 +; ro ll ro 1 . ( F) Enhancer trap 0321 +. (G) 0321 +; 
ro"63/ ro"63. (H) 0321+; r&/ ro 1 . 
Genotype Proportion of R8 positions Mean number of 
with >1 R8 precursor R8s per position 
roX631 ro X63  18.10.00 Ato/Sens 0.14 	± 0.011 	n= 8, 981 1.15 ± 0.012 
roX63IroX63  2.11.01 Ato/Sens 0.097 ± 0.0094 n=6, 971 1.10 ± 0.010 
ro X63/ro X63  2.11.01 Ato only 0.076 ± 0.015 	n=6, 317 1.08 ± 0.015 
Adv' /CyO; rot63/ro(63  Ato/Sens 0.30 	± 0.02 n=5, 602 1.34 ± 0.022 
Adv' /CyO; roX63/roX63  Ato only 0.215 ± 0.029 	n=5, 200 1.23 ± 0.031 
Table 3.4.3 R8 twinning in rough 
Amount of R8 twinning ± the standard error. The number of discs and number of R8 
positions counted is shown. Twinning was assessed at different times, in a different genetic 
background and using Atonal and Senseless staining separately. Only the anterior portion of 
the eye disc was counted. 
ed412, sca81'2 double mutants show the same level of R8 twinning as sca1I2  single 
mutants (table 3.4.2, figure 3.4.2). Removing one copy of sca 2 in an 
homozygous background also gives the same level of twinning as scaBl'2 
homozygotes. Removing one copy of ed4'2 in a sca81'2 mutant background produces 
an even lower value (table 3.4.2). This suggests that either there are genetic 
background effects suppressing R8 twinning slightly in this mutant combination, or 
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there is a large amount of human error in counting these discs due to the R8 spacing 
phenotype. It is not possible to say from this data whether sca is genetically up or 
downstream of ed, although the available evidence suggests that they are 
independent of one another (see earlier). ed does not seem to interact with the scaThO2 
R8 spacing defect, as misplaced R8 precursors were only ever observed when a disc 
was homozygous for scaThO2  (data not shown). ed4'2; roX63  double mutants-appear to 
have an additive phenotype, displaying a greater proportion of twinned R8 precursors 
than either mutation alone (table 3.4.2, figure 3.4.2). There was no R8 spacing 
phenotype when the ed4'2; r0163  double mutant eye discs were stained with Boss 
antibody (data not shown). These data suggest that ed is independent of ro. Although 
the sca data is inconclusive, the differences in the detailed phenotypes of the three 
mutations indicate that they all function independently of one another. 
Summary 
My results suggest that an increase in the levels of Egfr signalling could underlie the 
R8 twinning defect in ed mutants, and that Ed can negatively regulate Egfr signalling 
upstream of pntPl transcription. There is no direct evidence that Notch pathway 
signalling is in any way changed. Furthermore, R8 twinning in ed mutants appears to 
have a different origin from that in sca or ro mutants. 
3.4.2 Signalling events during SOP selection in echinoid 
mutants 
There are two major signalling pathways operating during PNC resolution in the 
bristles. The Notch pathway mediates lateral inhibition to restrict the numbers of 
SOPs selected (Heitzler and Simpson, 1991; Simpson, 1990). The EGF receptor 
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pathway acts antagonistically to the Notch pathway, seemingly to promote proneural 
gene self-stimulation (Culi et al., 2001; Heitzler and Simpson, 1991; Simpson, 1990). 
Notch signalling in echinoid mutants 
1(1)N' and N414 are hypermorphic alleles of N which, as heterozygotes, have fewer 
adult microchaetae than wildtype, probably because they cause the N receptor to 
become constitutively active (Brennan et al., 1997). N5511  is a loss of function Notch 
allele, probably a null, which has additional microchaetae as a heterozygote (Brennan 
et al., 1997). To look for an interaction between ed and N, I made doubly 
heterozygous flies for these N alleles and ed4 '2 , and counted the number of 
microchaetae between the four DC bristles. NB  and  N55JJ  phenotypes could be 
suppressed or enhanced by one copy of ed4 ' 2 respectively (table 3.4.4). This was not 
simply due to the ed4 '2 dominant phenotypes. In my hands, however, the phenotype 
of N414 was highly variable, and it had on average a greater number of microchaetae 
than wildtype (table 3.4.4). These genetic interactions between two heterozygotes 
suggest that there may be a functional relationship between the Notch pathway and 
Ed during SOP selection for the es organs. It is perhaps significant that no 
heterozygous interactions were identified between N5S)I  and ed4 '2 in terms of R8 
specification (section 3.4.1, table 3.4.1). 
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Genotype Mean number of 
microchaetae in DC region 
Wikitype, OrR 31.3 ± 0.69 n=10 
ed''2 I+ 33.3 ±0.85 n=14 
N'/ +  26.4±0.71 n=10 
NB/+;ed42/+ 33.0±0.46 n=8 
04 1+ 34.0± 2.37 n=11 
N141+ ; ed412 / + 32.8 ± 0.95 n=8 
pjSSell / + 40.5 ± 0.75 n=4 
/ +; ed4
. 121+ 48.1 ± 1.44 n=11 
Table 3.4.4 echinoid412 interacts with the Notch locus during microchaetae 
development 
Mean number of microchaetae ± standard error of the mean. n is the number of flies 
counted. 
Homozygous ed4'2 bristle phenotypes can be modified by mutations that affect the 
Notch pathway. Hairless (H) is a member of the Notch signalling pathway which co-
operates with Su(H) to antagonise Notch signalling (Bang et al., 1995; Bang and 
Posakony, 1992; Maier et al., 1999; Morel et al., 2001; Schweisguth and Posakony, 
1994) but also displays Su(H)-independent, Notch antagonistic activity (Nagel et al., 
2000). The bristle phenotype of ed4' 2 homozygotes can be completely suppressed by 
one copy of H' (table 3.4.5). Decreasing the amount of H protein will increase the 
level of Notch pathway activity, so the interaction supports the notion of a link 
between the Notch pathway and Ed. The strength of the interaction would seem to 
suggest that Notch pathway signalling is impaired in ed mutants. However, H 
appears to be a point in the Notch pathway that is highly sensitive to changes in the 
levels of both Notch and Egfr pathway signalling, as well as to mutations in genes 
that are apparently unconnected to either pathway. For example, it is often identified 
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in genetic modifier screens (Chanut et al., 2000; Go and Artavanis-Tsakonas, 1998; 
Price et al., 1997b). 
+; ed4 ' 2! ed"2 flies have a greatly reduced number of microchaetae, which are 
rather patchily distributed (data not shown). This is surprising, because microchaetae 
number is increased both in N55eJ1+,  and ed4'2 homozygotes. Previous data has 
indicated that ed flies may have impaired Notch pathway signalling in their bristle 
PNCs (see earlier, overexpression of ed, interactions with N and I-I). Thus it would be 
predicted that removing one copy of N should enhance the ed4 ' 2! ed4'2 bristle 
phenotype, because there would be even less lateral inhibition. This unexpected 
phenotype of loss of many microchaetae implies that there is a close functional 
relationship between Ed and the Notch pathway, albeit not the expected one. As well 
as lateral inhibition, Notch signalling is required for the establishment of the bristle 
PNCs (Brennan et al., 1997; Brennan et al., 1999; Couso and Martinez-Arias, 1994), 
and the phenotype would be explained if Ed also had a role in this process. Notch 
signalling is also required for the asymmetric divisions of the SOP to occur correctly; 
in the absence of Notch the SOP produces four neurons (Guo et al., 1996). The 
interaction could be explained if ed were enhancing this phenotype. I favour this 
second hypothesis, which is supported by the effects of ed misexpression on the SOP 
divisions (section 3.3.2). 
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Genotype Mean number of Mean number of Mean number of 
DC macrochaetae SC macrochaetae wing margin 
chemosensory 
bristles 
Wildtype,OrR 4.0±0 n=15 4.0±0 n15 19.6±0.45 n=15 
ed412 Ied 12 5.4 ± 0.27 n=10 5.9 ± 0.31 n=10 29.8 ± 0.7 n=10 
ed412 Ied 12 ;H1 /+ 4.0±0 n=11 4.0 ±0 n=11 20.5 ±0.37 n=11 
sca '21 sca '2 5.53 ± 0.19 n=28 5.21 ± 0.20 n=29 21.82 ± 0.42 n=22 
ed4i2scaBI'21 8.42 ± 0.45 n=12 4.92 ± 0.25 n=12 25 ± 0.4 n=36 
ed 2scaBI 2  
ed 12 Egfr' 5 1 ed4"2 + 5.7 ± 0.33 n=18 4.20 ± 0.09 n=18 29.3 ± 0.27 n=42 
ed"2 / ed4"2 ; gilA 7/+  6.1 ± 0.28 n=15 	
1 
4.80 ± 0.18 n15 1 27.2 ± 0.65 n=24 
Table 3.4.5 Interaction between echinoid4' 12 and the Egfr and Notch pathways 
in the bristles 
Mean number of es organs ± standard error of the mean. n is the number of flies counted. 
E(spl)C genes are expressed in the macrochaetae PNCs in response to Notch 
signalling, where they mediate lateral inhibition (de Celis et al., 1996; Heitzler et al., 
1996). Overexpression of E(spl)m8 can prevent SOP specification, demonstrating its 
importance in lateral inhibition (Culi and Modolell, 1998; de Celis et al., 1996). 
Although ed4'2 interacts with Notch pathway mutations, I can find no evidence that 
levels of E(spl)m8 mRNA (and hence Notch pathway activity) are changed in the 
macrochaetae PNCs in any of the ed mutant combinations tested. These included 
ed''23/ 1(2)K01102 transheterozygotes which have the strongest bristle phenotypes, as 
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Figure 3.4.4 Notch and Egfr signalling during es organ SOP selection in 
echinoid mutants 
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Figure 34.4 Notch and Egfr signalling during es organ SOP selection in 
echinoid mutants 
(A-D) Wing discs stained with a DIG-labelled antisense E(spl)m8 mRNA probe. (A) Wildtype. 
(B) ed'' 231 I(2)kOl 102. (C) Wildtype. (D) ect'231 I(2)kOl 102. (E-H) Wing discs stained with a 
DIG-labelled antisense pntPl mRNA probe. (E) Wildtype. (F) ed4121 ed' 12. (G) I(2)kO1 1021 
Df(2L)ed-dp. (H) ed"231 Df(2L)ed-dp. (I, J) Wing discs stained with a DIG-labelled antisense 
rho probe. (I) Wildtype. (J) ed"23! 1(2)k01 102. (K, L) Wing discs stained with antibodies 
against Senseless in red and Scabrous in green. (K) Wildtype. (L) ed''231I(2)k01102. 
scabrous (sca) mutants have a similar bristle phenotype to ed mutants (Lee et al., 
1998; Mlodzik et al., 1990a). In the wing discs, Sea is secreted by the PNCs and at 
higher levels by the SOPs (Mlodzik et al., 1990a). Loss of Sca protein could be the 
cause of the ed mutant phenotypes. However, Sca expression is slightly increased in 
ed4 ' 2 homozygous and ed'"231 1(2)K01102 transheterozygous wing discs, due to the 
greater number of SOPs (figure 3.4.4 and data not shown). Increasing the levels of 
Sca protein expression in the PNCs and SOPs cannot cause the development of 
additional bristles (Lee et al., 1998), meaning that the ed4 ' 2 bristle phenotypes are 
unlikely to be mediated by Sea. sca81'2 (a null allele) homozygous adults have 
additional es organs but at lower frequency than many ed mutants (table 3.4.5). 
scaM2 flies also have a small number of macrochaetae with the incorrect cell types. 
These include macrochaetae with a pair of shafts in one socket or sockets with no 
shaft (data not shown). ed loss of function mutations never show SOP division 
phenotypes. These results suggest that the sca and ed mutant phenotypes have 
different origins. Indeed, ed"2, sca 12 double mutants have a greater number of DC 
macrochaetae than either mutation alone, and the number of malformed es organs is 
not increased (table 3.4.5, data not shown). They therefore probably function 
independently of one another. 
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Egfr signalling in echinoid mutants 
The Egfr pathway has been shown to act antagonistically to the Notch pathway in the 
resolution of bristle PNCs (Culi et al., 2001), and it is conceivable that an increase in 
levels of Egfr pathway signalling could be the cause of the additional es organs in ed 
mutants. However, the ed4 ' 2 homozygous bristle phenotype cannot be consistently 
modified by loss of one copy of the Egfr or of aos (table 3.4.5). This is in stark 
contrast to the strong interactions observed during R8 specification (section 3.4.1, 
table 3.4.1), meaning that Egfr signalling during bristle development is unlikely to be 
affected by ed mutations. Furthermore, levels of pntPl and rho mRNA are 
unchanged in ed4 ' 21 ed4 12 , ed!!!231  Df(2L)ed-dp and ed"23I 1(2)K01102 wing discs 
compared to wildtype (figure 3.4.4), suggesting that Ed has no direct effect on levels 
of Egfr pathway signalling in this region. 
Summary 
During bristle development ed interacts very strongly with the Notch signalling 
pathway. Although the exact relationship between Ed and Notch signalling remains 
unclear, there does appear to be a very strong connection and Ed may modulate 
Notch signalling. 
3.4.3 Signalling during embryonic chordotonal organ 
development in echinoid mutants 
Both the Notch and Egfr signalling pathways operate during the formation of 
chordotonal organs (Okabe and Okano, 1997; zur Lage et al., 1997; zur Lage and 
Jarman, 1999). During specification of the embryonic lateral chordotonal organ 
cluster, three SOPs are initially selected from the atonal-dependent PNC. Two of 
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these then recruit an ectodermal cell each as an additional SOP via inductive Egfr 
signalling (Okabe and Okano, 1997; zur Lage et al., 1997). 
ed4"2 homozygous embryos frequently have lch6-7 rather than the wildtype lchS. 
Embryos that are homozygous for a null rho mutation have lch3 because the 
recruitment-of the additional SOPs cannot occur (Okabe and Okano, 1997; zur Lage 
et al., 1997). If rho is removed in an ed"2 background, then the number of lateral ch 
organs will reflect the number of SOPs that were selected from the PNC (because the 
recruitment of the 2° SOPs will not be occurring). This can be used to determine if 
the additional lch organs in ed"2 homozygous embryos are the result of additional 
SOPs being selected from the PNC or excessive recruitment of 2 0 SOPs. ed"2; rho" 
homozygous embryos can display lch4 or 3 (figure 3.4.5). This suggests that there is 
a defect in the selection of the primary SOPs rather than in the recruitment of the 
secondary ones. Alternatively, the recruitment of 2 0 SOPs via the Egfr pathway could 
be activated downstream of rho in the double mutants. This latter hypothesis is 
unlikely and could be tested by Ato staining of staged embryos to identify the 1° 
precursors. If an effect on 1° SOP selection from the PNC is the cause of the 
embryonic ich phenotype, it is probably due to an effect on the Notch pathway or an 
as yet unknown signalling pathway. 
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Figure 3.4.5 echinoid; rhomboid double mutant embryos 
(A-D) Embryos stained with an antibody against the neural epitope, 2200. (A) ed412! ed4 12 
whole embryo. (B) ed1 12/  ed4 12.  rho"/ rho 3 whole embryo. (C) ed4 12/  ed4 12  two segments, 
at higher magnification. (D) ed 2/ed4 12; rho" 31 rho" two segments, at higher magnification. 
3.4.4 Signalling during wing vein development in echinoid 
mutants 
During wing vein specification, Egfr signalling promotes vein fate and Notch 
pathway signalling acts to limit vein thickness (Sturtevant and Bier, 1995). Some of 
the ed alleles have a small amount of extra vein material, particularly around vein L2 
(section 3.3, data not shown). The ed4 ' 2 homozygous wing vein phenotype is 
enhanced by removing one copy of px (section 3.2). In px mutants rho expression is 
increased (Matakatsu et al., 1999), and the interaction suggests that an increase in 
Egfr signalling may also be the cause of the wing vein phenotype in ed4 ' 2 . hsrho flies 
display a slight additional wing vein phenotype in the absence of any heat shock 
(APi pers. comm.). This phenotype could not be enhanced by ed4 ' 21 ed4 ' 2 (data not 
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shown). Changes in the level of rho mRNA expression in the wing veins were not 
apparent in ed'2/ed4"2 , ed"231Df(2L)ed-dp or ed"2311(2)k01102 wing discs, although 
pupal wing discs were not examined (data not shown). dppGal4/ UASsca flies have 
the nicked wings that are characteristic of a decrease in the amount of Notch 
signalling (Lee et al., 1998). This phenotype too could not be modified by ed4 ' 2 
homozygotes (data not shown). An effect on the wing veins was never observed in 
any of the other genetic interactions that were performed throughout the course of 
these experiments. The cause of the extra vein material in ed mutant flies is not 
clear, but an increase in Egfr signalling is the most plausible explanation. 
3.5 Discussion 
ed" 2 was identified by Neil White as an enhancer of the ato'°9 eye phenotype, and 
preliminary analysis showed that this allele was homozygous viable with additional 
neural precursors of various types. I have extended this analysis by isolating and/or 
characterizing a number of ed alleles. This has demonstrated that the most penetrant 
phenotype caused by loss of Ed function is indeed the selection of additional neural 
precursors, although phenotypes are not restricted to the PNS. The PNS phenotypes 
of ed appear to be specific to the sense organs that are specified by the proneural 
genes ac/sc and ato. No effects were seen on the amos-dependent sensilla basiconica 
or sensilla trichodea. This may reflect a difference in the way these sense organs are 
specified, something that has yet to be examined in detail. 
It is interesting to note that ed has been localized to the genetic region 2-11, the same 
region as the gene scabrous-like (scal), mutations of which have unfortunately been 
lost. The phenotypes of scal were strikingly similar to those of ed. scal mutant flies 
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are described as being semi-lethal with rough, slightly bulging eyes, increased 
numbers of abdominal and scutellar bristles and broad, curved wings with irregular 
L2 veins and posterior crossveins (Lindsley and Zimm, 1992). It is likely that scal 
and ed mutations affect the same locus. 
3.5.1 echinoid mutant phenotypes and their basis: two 
functions for one protein? 
The two most striking ed phenotypes are the selection of additional R8 precursors in 
the eye and of extra macrochaetae SOPs. There are various pieces of evidence to 
suggest that although these phenotypes are superficially very similar they in fact 
have different origins: 
The ed alleles with the most penetrant R8 phenotypes are not necessarily those 
with the strongest bristle phenotypes. 
Bristle development is highly sensitive to increased levels of ed expression, 
whereas it is much more difficult to cause a phenotype by overexpressing ed in 
the eye. 
The bristle and eye phenotypes display different genetic interactions. 
The function of Echinoid during R8 specification 
In all of the ed alleles that I have examined there is incomplete resolution of Ato 
expression in the eye and subsequently more than one R8 photoreceptor can 
differentiate per ommatidium. This contradicts the published report on ed where no 
R8 defects were observed (Bai et al., 2001). The reason for this discrepancy is not 
clear, although the only R8 marker used by Bai et al. is Boss antibody (Bai et al., 
2001). It can be difficult to identify multiple R8 precursors with this marker and they 
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may have missed the R8 phenotype. Alternatively, the allele they tested may be 
unusual in that it does not have an R8 twinning phenotype. 
I have observed no R8 spacing defect in any of the ed alleles, even in clones of the 
strongest lines. Moreover, there were no R8 spacing defects in any of the genetic 
interactions that were examined. These data imply that Ed function during R8 
selection is highly specific for equivalence group resolution. 
I was unable to find any evidence that Notch signalling during R8 specification is 
altered in ed mutants. There is a genetic interaction between edI2  and the N null 
allele, N55 ' 1 , but levels of E(spl)m8 mRNA were unchanged in ed mutant eye discs. 
In spite of this, it is possible that Ed does affect levels of Notch pathway signalling 
during Ato resolution. One way to check this would be to examine Su(H) protein 
levels and distribution, especially since the functions of Su(H) are not restricted to 
activating transcription of the E(spl)C genes (de Celis et al., 1996; Furriols and Bray, 
2000; Klein et al., 2000; Li and Baker, 2001; Morel and Schweisguth, 2000). The 
expression levels of other E(spl)C genes could also be identified. 
My evidence more strongly suggests that the cause of the R8 twinning defect in ed 
mutants is excessive signalling through the Egfr pathway (genetic interactions and 
the increase in pntPl expression). This is surprising, given that Egfr signalling does 
not have a role in R8 selection in spite of its many other functions in the eye (Baonza 
et al., 2001; Dominguez et al., 1998; Lesokhin et al., 1999; Yang and Baker, 2001). 
In other areas of the PNS, Egfr signalling can activate ato expression (zur Lage et al., 
1997; zur Lage and Jarman, 1999); this is presumably also happening in ed mutants. 
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The increase in levels of pntPl mRNA in ed mutants suggests that the point of 
intersection between Ed and the Egfr signalling pathway must be upstream of pntPl 
transcription. This is in contrast to the results of Bai et al. who concluded that Ed was 
acting downstream of Pnt, but in parallel to the zinc-finger protein Tramtrack (Ttk) 
(Bai et al., 2001). The difference could arise because Ed functions differently during 
R8 specification and outer R cell recruitment (supported by my observation that the 
ed alleles with the strongest R8 twinning phenotypes do not necessarily have the 
strongest adult eye phenotypes). Bai et al. used epistasis tests, looking at R7 
recruitment in a sevenless mutant background to order Ed within the Egfr pathway 
(Bai et al., 2001). The outer R cell defect could be partly caused by the excess R8 
precursors. If this is the case, the epistasis tests would be invalid because the 
phenotype scored would be downstream of the primary phenotype. 
The morphogenetic furrow was observed to advance more quickly within ed mutant 
clones. Expression of an activated form of raf can cause an increase in the number of 
cells expressing Ato anterior to the morphogenetic furrow. This is not observed if the 
Egfr is ectopically activated anterior to the furrow (Greenwood and Struhl, 1999). 
This data suggests that Ed may interact with the MAP kinase pathway rather than the 
Egfr itself. This may mean that Ed is not specific for the Egfr pathway. This could be 
tested by looking for genetic interactions with other RTKs such as torso and 
breathless. The phenotypes of ed mutants are consistent with either an interaction 
with Egfr or with the MAPK signalling pathway. 
The most penetrant R8 twinning phenotypes are always associated with the ed allele 
ed4 ' 2 . For example, ed44! ed4'2 and ed6 'l ed4'2 have 86% and 73% unresolved 
equivalence groups respectively whereas ed44 homozygous clones display 38% and 
ed6 ' homozygous clones display 48%. ed4'2 is also unusual because it has some 
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dominant phenotypes. The ed coding region from ed4 ' 2 has been sequenced and there 
is a pro-leu change between the first and second Ig domains. In Li molecules several 
different Ig domains and fibronectin repeats seem to be required for homophilic and 
different heterophilic interactions (De Angelis et al., 1999), so it is not possible to 
predict from amino acid sequence alone what will be affected in ed4'2 . However, the 
ed4 ' 2  mutation could specifically affect an interaction with the Egfr signalling 
pathway, perhaps it is an Egfr-selective dominant negative. If this is the case it could 
be very useful for biochemical analysis of Ed function. 
The relationship between Ed and the Egfr in the equivalence groups is intriguing and 
points towards a novel process. This is investigated and discussed further in the next 
chapter, which also considers the relationship between ed, ro and sca. 
The function of Echinoid during bristle development 
Loss of ed function results in gain of SOPs while overexpression of ed at a high level 
results in a block in SOP selection, although this block is not completely penetrant. 
ed4'2 interacts with ase, which is expressed as a cell becomes committed to the SOP 
fate, suggesting that it is this transition to SOP fate which is facilitated in ed mutants. 
It follows that Ed must function upon the PNC cells to prevent them from becoming 
SOPs, clonal analysis could be used to confirm this. 
When ed is overexpressed at a lower level the phenotypes vary: some PNCs do not 
form SOPs, whereas in others additional SON are selected. This intermediate 
phenotype is interesting. Loss of Dl and overexpression of Dl both cause additional 
SOPs to be selected (Doherty et al., 1997; Heitzler and Simpson, 1991). In the first 
situation lateral inhibition is prevented in the absence of the ligand, in the second 
situation cis interactions between Dl and N proteins on the same cell autonomously 
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inhibit N signal transduction (Doherty et al., 1996; Jacobsen et al., 1998; Jonsson and 
Knust, 1996). The intermediate phenotypes obtained when scaGal4/+, UASed/+ 
flies are raised at 25°C could reflect a similar situation where Ed can form complexes 
that inhibit its normal function. Alternatively, the phenotypes could indicate some 
dominant negative activity of the overexpressed protein. However, expressing Ed 
protein to a higher level produces dominant active phenotypes, therefore it is unlikely 
to be acting as a dominant negative at any point. Interestingly, many IgCAMs are 
known to form cis interactions both with themselves or other molecules (Kamiguchi 
and Lemmon, 2000). Furthermore, the Drosophila IgSF proteins Hibris and Irregular 
chiasmC-roughest exhibit the same phenotypes under conditions of loss of function 
and overexpression, although the molecular basis for these observations is not known 
(Artero et al., 2001; Reiter et al., 1996). 
The interactions between ed4 ' 2 and N heterozygotes, and the suppression of the ed4'21 
ed" 2 bristle phenotype by H imply that a decrease in Notch pathway signalling is the 
cause of the ed phenotypes. Overexpression of ed in the PNCs and SOPs also 
supports this. (Changes in levels of E(spl)m8 expression were not detected but may 
be outside the visible range). If this hypothesis is correct, it should be possible to 
rescue the ed bristle phenotypes by overexpressing or E(spl)m8. Epistasis 
experiments between ed 4 ' 21 ed"2 and scaGa14,UASE(spl)m8, or scaGa14, UASNaCI 
were attempted. Unfortunately, the E(spl)m8 experiment did not work for technical 
reasons. With scaGal4, UASNaC,  the phenotypes obtained were intermediate between 
those of ed 412! ed4 ' 2 and scaGal4, UASNaC(  alone (scaGal4, UASNaC(  flies exhibit 
sense organ loss and fate transformation of their cells) (data not shown). This 
indicates a genetic interaction but does not provide any data about the relationship 
between Ed and the Notch pathway. The interaction between NSSJI  and ed"21 ed"2 
(flies have missing bristles) complicates the issue even further. To understand this 
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interaction ac or sc expression and SOP selection need to be examined in N55111  +; 
ed4 ' 21 ed4 ' 2 wing discs. The explanation may be that Ed is involved in the 
prepatterning role or the SOP divisions role of Notch signalling. This strong genetic 
interaction could indicate that there is a physical interaction between the Ed and N 
proteins. 
Loss of Egfr function can cause loss or duplication of macrochaetae depending on 
their position (Culi et al., 2001). Different PNCs therefore, have different 
requirements for Egfr signalling. If overexpression of ed were preventing Egfr 
pathway signalling, then these different requirements for Egfr signalling could be the 
reason behind the varying phenotype. However, there is no evidence that Ed can 
interact with the Egfr signalling pathway in the macrochaetae PNCs: Egfr signalling 
is not required for microchaetae development (Culi et al., 2001), loss of ed function 
always results in the selection of additional SOPs and the bristle phenotypes of ed 
mutants do not interact with mutations in the Egfr signalling pathway. 
Ed function in the macrochaetae PNCs appears to be closely allied to the Notch 
signalling pathway. Ed could either function in the Notch pathway directly to repress 
SOP fate in the majority of the PNC cells (it is clearly not a core component of the 
pathway as mutations do not exhibit other Notch phenotypes, such as wing nicking). 
Alternatively, Ed could act to make the PNC cells more responsive to Notch 
inhibition, independently of Notch pathway signalling. Not all of the PNC cells 
become SOPs even in the strongest ed alleles. If the function of Ed is to prevent cells 
being fated as an SOP by making the PNC cells more responsive to Notch signalling 
it must be supposed that this is redundant with other mechanisms, possibly 
differences in the level of Notch signalling across the PNC (Heitzler and Simpson, 
1991). 
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Self-stimulation of sc expression has been shown to be crucial for SOP selection, and 
the minimal enhancer necessary for this has been identified (Culi and Modolell, 
1998). Experimental evidence shows that Sc protein and the E(spl)C proteins are 
required for activation of this enhancer in the SOP and repression of it in the rest of 
the PNC, but that they are not completely sufficient (Culi and Modolell, 1998). There 
is some evidence that an unknown transcription factor (which may bind to an (X box) 
is required for promoting expression from the sc SOP enhancer and maybe also for 
repressing it in the other PNC cells (Culi and Modolell, 1998). Egfr signalling can 
promote transcription from the scSOP enhancer (Culi et al., 2001) but the 
experiments have not been done to reveal whether Sc, E(spl)C and the Egfr pathway 
are together sufficient for the correct expression of the scSOP enhancer, and hence 
correct selection of one SOP from the PNC. The function of Ed in the PNCs will now 
be considered in the light of this information and my data. 













Figure 3.5.1 Models for Echinoid function during SOP selection 
In the SOP SC IS expressed from its SOP enhancer. This is promoted by Scute itself and an 
unknown transcription factor, X, which may be downstream of the Egfr signalling pathway. 
This cell is not responsive to Notch signalling. In the PNC cells the scSOP enhancer is not 
active because Notch signalling is promoting E(spl) expression and factor X is acting as a 
repressor. Echinoid is shown functioning in the PNC cell because of the loss and gain of 
function phenotypes. The arrows do not necessarily mean a direct interaction occurs. (A) 
Echinoid modulates Notch pathway signalling (possibly, but not necessarily, interacting 
directly with N) to promote E(spl) function in the PNC cells. (B) Echinoid promotes E(spl) 
protein function in the PNC cell independently of the of the Notch signalling pathway. (C) 
Echinoid promotes the inhibitory function of X in the PNC cell. 
The different ways Ed could be affecting SOP selection are illustrated in figure 3.5.1. 
Ed could be promoting Notch pathway signalling in the PNC cells through a direct 
interaction with some part of the pathway. I have shown that levels of E(spl)m8 
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expression do not change in ed mutant wing discs which argues against a direct 
effect on the amount of N/Su(H) protein that is active. However, Notch signalling 
does not occur in a linear fashion and the action of Ed could be for example, to 
stabilise E(spl) protein, modify the Su(H)/NcJ  complex, or to alter the E(spl)C genes 
that are transcribed. 
Ed activity could be modulating E(spl) protein function in the PNC cells 
independently of the activity of the Notch pathway. This could mean a modification 
of E(spl) proteins to allow them to repress the scSOP enhancer, or their stability 
could be altered. The available evidence suggests that Ed is located in the plasma 
membrane (Bai et al., 2001) so it is unlikely to be interacting directly with E(spl) 
proteins. One argument against this model is that overexpression of ed can affect the 
fate of the SOP daughter cells and the E(spl) proteins are not required for this process 
(Nagel et al., 2000). 
Ed activity could be promoting the inhibitory function of the hypothetical 
transcription factor X in the PNC cells, possibly altering levels of transcription or 
protein stability or modifying the protein. Ed is unlikely to be interacting directly 
with a transcription factor. 
It is not possible to distinguish between these models based on the available 
evidence. It may be possible to detect changes in the amount of Notch signalling in 
ed mutants by examining the amount/distribution of Su(H) protein compared to 
wildtype or the amount of mRNA or protein for different E(spl)C genes. However, 
any changes may be at an undetectable level, or Ed could affect a different aspect of 
the pathway. A sensible way to begin to determine the function of Ed in the PNCs is 
to identify its protein-protein interactions. This could be done in a yeast-2 hybrid 
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screen using the intracellular domain of Ed. Alternatively, co-immunoprecipitations 
from protein extracts, followed by electrophoresis and mass spectrometry to identify 
any protein(s) pulled down, may be the more appropriate method to identify any 
interactions that are mediated by the extracellular domain. Functional experiments, 
using genetics as well as biochemistry, would have to follow. 
The function of Echinoid in tissue growth 
Loss of ed results in overly large wing discs. This may even be the cause of death in 
the lethal alleles. Overexpression of ed causes a much smaller adult wing. Changes in 
cell size at least partially underlie these defects. 
The Ras pathway has been shown to be involved in control of growth in the wing 
discs, indeed excess Ras activity increases cell growth, including an effect on cell 
size (Karim and Rubin, 1998; Prober and Edgar, 2000). Excessive Egfr signalling, or 
a direct effect on the MAPK, could be the cause of the growth phenotypes observed. 
The Notch pathway has been reported to affect growth of the leg, eye and wing discs 
(Baonza and Garcia-Bellido, 2000; Papayannopoulos et al., 1998; Rauskolb and 
Irvine, 1999). Decreasing Notch pathway activation impairs growth while expression 
of constitutive active N promotes it. Since, if anything, levels of Notch signalling 
may be decreased in ed mutants, Notch is unlikely to mediate the growth defect. 
The effects of ed on tissue size could be mediated by other pathways. For example, 
changes in the ability of cells to send or respond to dpp can alter tissue size although 
in this case cell size is not usually changed (Arquier et al., 2001; Bilder et al., 2000; 
Manfruelli et al., 1996). Organ size may be regulated by a specific mechanism that 
senses tissue mass (Potter and Xu, 2001; Xu et al., 1995), ed mutations may affect 
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this. Alternatively, Ed may modulate signalling through the insulin pathway which 
also controls cell growth (Potter and Xu, 2001; Prober and Edgar, 2001). In order to 
understand any function for Ed in regulating organ size, the size phenotypes first 
need to be characterised more fully. Clonal analysis in the wing and leg discs that 
specifically addresses the size of clones compared to their twin spots would ascertain 
which tissues can be affected by ed mutants. Antibody staining and/or FACs analysis 
could be used to determine which stage(s) of the cell cycle are altered in ed mutants. 
Detection of the apoptotic cells would show if this is an effect on proliferation or 
death. Armed with this information, a series of genetic experiments could be 
designed to identify the signalling pathway affected. 
3.5.2 Links between the Notch and Egfr signalling pathways 
The Egfr and Notch signalling pathways act antagonistically at many places 
throughout development. Indeed, they are intimately linked and Ed is not the first 
protein that appears to affect both pathways independently of one another. 
split ends (spen) encodes a protein with RNA recognition motifs that has been 
identified as an enhancer of an activated yan allele and subsequently shown to act 
positively somewhere in the Egfr signalling pathway during embryogenesis (Chen 
and Rebay, 2000; Kuang et al., 2000; Rebay et al., 2000). spen null embryos also 
have defects that are characteristic of a decrease in Notch signalling and have lower 
levels of Su(H) and E(spl) protein than wildtype (Kuang et al., 2000). Unfortunately 
it is difficult to make direct comparisons between spen and ed: spen has only been 
studied during embryogenesis and ed during imaginal development, and the 
biochemical function of both proteins remains unknown. 
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Mutations in canoe, which encodes a protein that binds to Ras in vitro and is 
localised to adherens junctions, show a rough eye phenotype, additional 
macrochaetae and loss of wing veins (Kuriyama et al., 1996; Matsuo et al., 1997; 
Miyamoto et al., 1995). They interact very strongly with N and sca mutants in 
macrochaetae and wing development (Egfr signalling was not examined at this stage) 
and with Ras mutants during cone cell formation (Notch signalling was not examined 
at this stage) (Matsuo et al., 1997; Miyamoto et al., 1995). It is not clear if Canoe is 
part of the Egfr pathway that mediates cross-talk with the Notch signalling pathway 
or if it is acting separately in both pathways, possibly by regulating the structure of 
adherens junctions. 
3.5.3 Immunoglobulin-domain proteins: versatile 
workhorses? 
My clonal analysis in the eye disc indicated that Ed is required both in the cells 
sending and receiving a signal, and therefore may bind homotypically in trans 
(section 3.3.1). Interestingly, homotypic binding of Li molecules in trans has been 
shown to activate FGF pathway signalling (Kamiguchi and Lemmon, 2000; Williams 
et al., 1994). This suggests that Ed may function similarly to the Li family of 
NCAMs. 
I have shown that ed mutations have several different phenotypes and probably affect 
more than one signalling pathway. Indeed, Ed probably has other, as yet 
uncharacterized, roles. For example, ed4"sca' °2/ ed4I2scaih'2  flies are infertile, which 
implies Ed has a redundant role in the germline. It would be very interesting to 
examine the development of other tissues where Notch and/or Egfr signalling are 
important, such as, specification of the midline, tracheal branching and muscle 
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progenitor cell specification in the embryo and axis specification or dorsal appendage 
position in the oocyte (Affolter and Shilo, 2000; Carmena et al., 1998; Morel and 
Schweisguth, 2000; Schweitzer and Shilo, 1997; Wilson, 1999). This would 
determine if Ed is used in either of these signalling pathways more widely than 
during PNS development. 
The multiple phenotypes of ed mutants and their apparently different causes are 
consistent with the available data concerning pleiotropic roles for IgSF proteins in 
Drosophila and other systems. For example, mutations in irregular chiasmC-
roughest (irreC-rst) affect myoblast fusion during embryogenesis, apoptosis during 
pupal eye development, positioning of the founder cells on the third antennal 
segment and axon pathfinding in the PNS (Ramos et al., 1993; Reiter et al., 1996; 
Schneider et al., 1995; Strunkelnberg et al., 2001; Venugopala Reddy et al., 1999). 
The axon pathfinding and the epithelial rearrangements in the eye/antennal disc have 
been shown to depend on separate regions of the protein which function in a distinct 
manner from one another (Venugopala Reddy et al., 1999). Presumably specific 
interactions with regionally expressed molecules underlie the multiple functions of 
both the IrreC-rst and Ed proteins. 
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An investigation into Egfr pathway 
signalling during equivalence 
group resolution 
4.1 Egfr signalling during PNS specification 
4.1.1 The many functions of the Egfr signalling pathway 
during eye development 
The Egfr pathway is used repeatedly throughout eye development. It has roles in the 
specification of the eye field, the early proliferation of the disc, initiation and 
movement of the morphogenetic furrow, the spacing of the R8 precursors, 
recruitment of the outer photoreceptors and the accessory cells, initiation of the 
second mitotic wave, survival of the developing photoreceptors, and the removal of 
excess cells by apoptosis during pupation (Baker and Yu, 2001; Baonza et al., 2001; 
Chen and Chien, 1999; Dominguez et al., 1998; Freeman, 1996; Kumar and Moses, 
2001a; Kumar and Moses, 2001b; Kumar et al., 1998; Lesokhin et al., 1999; Miller 
and Cagan, 1998; Spencer et al., 1998; Xu and Rubin, 1993; Yang and Baker, 2001). 
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The consensus in the literature is that the Egfr signalling pathway is not required for 
a cell to adopt the R8 precursor fate. This is in spite of it being required, in a negative 
role, for correct intermediate cluster spacing upstream of R8 specification (Baonza et 
al., 2001; Chen and Chien, 1999). In the previous chapter, I have shown that R8 
twinning in ed4 ' 2 can be suppressed by removal of one copy of the Egfr. R8 twinning 
in ed mutants may therefore be caused by Egfr signalling. That is, R8 twinning might 
not result from a failure of lateral inhibition, but rather from an inappropriate Egfr 
signalling event. There is an apparent paradox in this hypothesis: if Egfr signalling is 
not required for a cell to take on an R8 precursor fate, why should it be the cause of 
R8 twinning? 
There are two (not necessarily mutually exclusive) alternatives for the role of the 
Egfr signalling pathway in influencing R8 twinning in the ed mutant: 
Egfr signalling from the selected R8 precursor to the other cells of the 
equivalence group, in order to recruit them to an R8 fate. This would be an 
inductive role for the Egfr signalling pathway. It would be analogous to the 
situation in the chordotonal SOPs (Okabe and Okano, 1997; zur Lage et al., 
1997; zur Lage and Jarman, 1999). 
The Egfr signalling event is between all cells of the equivalence group in order to 
antagonise lateral inhibition. This would be a permissive role for the Egfr 
signalling pathway. It would be analogous to the phenomenon of lateral co-
operation in the macrochaetae PNCs (Culi et al., 2001). 
Either way, the role of Ed would be to suppress the effect of the Egfr signalling 
pathway on R8 fate. One might also suppose that Egfr signalling could be the cause 
of R8 twinning in sca and ro mutants, and under conditions of ato overexpression. 
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4.1.2 The positive functions of the Egfr in other sense organs 
The Egfr signalling pathway has been shown to act positively on neural fate during 
the specification of other elements of the PNS in Drosophila. That is, Egfr signalling 
is acting to promote neural fate. This is in contrast to the situation in the eye, where 
Egfr signalling is thought to inhibit ato expression, and hence neural fate, between 
the intermediate clusters (Baonza et al., 2001; Chen and Chien, 1999). This 
inhibition is the spacing role of the Egfr signalling pathway during R8 specification. 
In the development of the embryonic lateral chordotonal organ cluster, three SOPs 
are specified from the PNC by ato, and a further two are induced by Egfr signalling 
from the primary SOPs to neighbouring ectodermal cells (Okabe and Okano, 1997; 
zur Lage et al., 1997). The situation is similar in the adult femoral chordotonal organ. 
Here, the proneural cluster persists. The first SOPs to be specified delaminate from 
the PNC and signal back to the PNC via the Egfr to induce the formation of 
additional SOPs. The next SOPs to be specified repeat the process until 70-80 SOPs 
have been specified (zur Lage and Jarman, 1999). These are examples of inductive 
signalling. The Egfr ligand is activated in developing SOPs, and the signalling event 
is required for the formation of clusters of sense organs (zur Lage et al., 1997; zur 
Lage and Jarman, 1999). 
Specification of the macrochaetae on the adult thorax also requires Egfr pathway 
signalling (Culi et al., 2001). Here the Egfr signalling is probably required within the 
proneural cluster to antagonise the Notch pathway mediated lateral inhibition. This 
Egfr pathway function has been termed lateral co-operation (Culi et al., 2001). It is a 
positive role for the Egfr in promoting neural fate, but it is not neural induction in the 
sense of the ch organs. 
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The aim of the remainder of this chapter is to determine whether Egfr signalling is 
the basis of R8 twinning. This proposition has been investigated by manipulating 
levels of Egfr signalling in wildtype and mutant eye discs. 
4.2 Is Egfr signalling the basis of R8 twinning? 
4.2.1 Genetic interactions between the Egfr signalling 
pathway, scabrous and rough 
R8 twinning in ed4 '2 homozygotes was suppressed by removing one copy of the 
Egfr, and enhanced by heterozygosity for the inhibitory Egfr ligand, aos (table 3.4.1, 
figure 3.4.1, table 4.2.1). Similarly, R8 twinning in scaB!2  homozygotes was 
suppressed by removal of one copy of the Egfr (table 4.2.1). This supports the idea 
that Egfr signalling may have a role in R8 twinning. On the other hand, in ro"63 
mutants the level of R8 twinning was slightly increased by the introduction of 
Egfr" 351 CyO (table 4.2.1). Over the course of my experiments, the level of R8 
twinning in ro mutants varied considerably (table 3.4.3). Either the level of R8 
twinning in rox63  cannot be modified by a small decrease in Egfr signalling, or any 
modification was masked by genetic background effects. 
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Genotype Proportion of R8 positions 
with >1 R8 precursor 
Mean number of R8s 
per position 
ed412 led412 0.58 ± 0.02 	n=10, 632 1.63 ± 0.023 
ed412 , Egfr"35/ ed412, + 0.40 .-t 0.018 n=5, 	1072 1.41 ± 0.016 
sca '21 sca '2  0.32 .t 0.016 	n=5, 	884 1.34 ± 0.018 
SCaBP2, Egfrl(35/ scaBf'2, + 0.18 .-t 0.012 n=10, 1110 1.18 ± 0.012 
roX 631roX 63 0.14±0.011 	n=8, 981 
(anterior only)  
1.15 ±0.012 
EgfrIK351Cy O;ro X631 ro X63 0.19±0.015 	n=6, 685 
(anterior only)  
1.21 ±0.017 
Table 4.2.1 The interaction between Egfr and echinoid, scabrous and rough 
Amount of R8 twinning ± the standard error of the mean. The number of discs and number of 
R8 positions counted is shown. 
I previously showed that levels of pntPl mRNA are increased in ect"2 homozygotes 
(section 3.4.1). The expression levels of the Egfr pathway target genes pntPl and rho 
were examined in sca °2 and rox63  mutants. rho expression in the morphogenetic 
furrow was found to be unchanged compared to wildtype. There was, however, an 
increase in levels of pntPl mRNA in roV63  mutants (figure 4.2.1). 
These experiments support the idea that Egfr signalling may have a role in R8 
twinning. They also show that levels of Egfr signalling are not changed in sca null 
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Figure 4.2.1 Expression of Egfr pathway target genes in scabrous and rough 
null mutants 
(A-C) Eye discs stained with DIG-labelled antisense pntPl mRNA probe. (A) Wildtype. (B) 
scaB'21 sca'2. (C) roX63/  r&'63 . Note the slight increase in expression in the furrow. (D-F) Eye 
discs stained with DIG-labelled antisense rho mRNA probe. (D) Wildtype. (E) sca'21scaBP2. 
(F) roX631  r& 63. The decrease in rho just posterior to the furrow in this disc is a result of the 
loss of Ro in R2 and R5 (Freeman et al., 1992a). 
4.2.2 Can removing all Egfr signalling prevent R8 twinning? 
If Egfr signalling is the underlying cause of R8 twinning, then preventing all Egfr 
signalling in a twinning mutant background should rescue the R8 twinning 
phenotype. There are two ways of performing this experiment. I have performed this 
experiment in both of the possible ways: creating Egfr null clones, and using a 
temperature-sensitive Egfr allele. 
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Using Egfr null clones to prevent Egfr signalling 
If Egfr signalling is the cause of R8 twinning in ed, sca or ro mutants, then removing 
the Egfr itself should prevent all R8 twinning in these backgrounds. Egfr null alleles 
are homozygous lethal, because the Egfr signalling pathway is important at every 
developmental stage. However, clones of Egfr null alleles in the eye disc do survive. 
Consequently, I have made Egfr null clones in R8 twinning mutant backgrounds, to 
see if R8 twinning was rescued within the clone. 
Egfr cells do not proliferate or survive particularly well. To obtain Egfr null clones 
of a sufficient size to investigate R8 fate determination, the clones have to be induced 
in a Minute background. This means that the tissue which is wildtype for the Egfr 
also has a growth defect, and the Egfr mutant tissue is able to compete much better 
(Dominguez et al., 1998). In clones of null Egfr alleles in the eye, there is a severe 
R8 spacing defect and resolution of Ato expression to a single cell is delayed, 
although it does still occur. Soon after resolution of Ato to a single R8 cell has 
occurred, the cell begins to die and no longer expresses R8 markers strongly (Baonza 
et al., 2001; Dominguez et al., 1998; Lesokhin et al., 1999; Yang and Baker, 2001). 
In the following experiments I have used EgfrIK35,  which is a null Egfr allele (Clifford 
and Schupbach, 1994). Egfr"35 clones were made using a heatshock-inducible 
Flippase (figure 4.2.2). Even in the Minute background it was very difficult to 
identify the heatshock conditions that would result in large clones, and hundreds of 
larvae had to be dissected to obtain just a few. Note the small size and tapering 
nature of the clones, and the persistence of Ato expression compared to the wildtype 
tissue. Moreover, the clones do not express Sens well. These phenotypes make R8 
twinning difficult to distinguish when Egfr!K35  clones are induced in twinning mutant 
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backgrounds. Fortunately, R8 cells that have arisen from the same equivalence group 
always have nuclei in the same plane. This has allowed true R8 twins to be 
distinguished from neighbouring R8 precursors in the following experiments. 
When Egfr"3s clones were induced in an ed4 ' 2 background, R8 twinning was almost 
completely prevented (figure 4.2.3, table 4.2.2). The few R8 positions which were 
scored as twins appeared ambiguous and may have actually been misspaced R8 
precursors. Egfr signalling is therefore required for R8 twinning in ed4 ' 2 
homozygotes, and probably also in other ed alleles. 
Genotype Proportion of R8 positions Mean number of 
with >1 R8 precursor R8s per position 
ed412 Egfr"351 ed412 Egfr' 5 0.054 ± 0.03 	n=8, 56 1.05 ± 0.031 
ed412 Egfr' 5/ed4 ' 2 + 0.35 ± 0.014 n=6, 1143 1.37 ± 0.015 
(internal control) I ____________________ 
Table 4.2.2 The R8 twinning in echinoid, Egfr double mutants 
Amount of R8 twinning ± the standard error of the mean. The number of discs and number of 
R8 positions counted is shown. 
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Figure 4.2.2 Egfr" clones 
(A-C) Confocal images of Egfr'' 35 clones stained with antibodies against -gaIactosidase in 
green and Atonal or Senseless in red. The clones are marked by the absence of the green 
staining. (A) Egfi 35  clone, Atonal / 3-galactosidase staining. (A') Red. (A") Green. (B) 
Egfr''35  clone, Senseless / 3-galactosidase staining. (B') Red. (B") Green. (C) Egfr"35 clone, 
Senseless I 3-galactosidase staining. (C') Red. (C") Green. 
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Figure 4.2.3 Egfrm35  clones in an echinok? 12 background 
(A-B) Confocal images of ed*12  FRT42D Egfr 351 FRT42D Minute armadillo lacZ, stained with 
DAPI in blue, anti -galactosidase in green and anti Senseless in red. (A' and B') Red. (A" 
and B") Green. The clones are marked by the absence of the green staining. Note that very 
few R8 precursors appear to be twinned within the clones. 
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Egfr" 35 clones were also induced in sca'2 background, to determine whether Egfr 
signalling was also the underlying cause of R8 twinning in sca mutants. The sca 
locus is located between the Egfr locus and the FRT site. This meant that Egfr null 
clones were technically difficult to induce in an eye disc that was otherwise 
homozygous for sca; instead, clones that were mutant for both scaTh02 and Egfr 35 had 
to be created in a disc which was otherwise heterozygous for sca8 '2 . sca8'2 
heterozygotes do not have any R8 twinning (table 3.4.2). This means that only the 
clones could have twinned R8 precursors. In fact, scahl 2 EgfrK35 clones did have 
twinned R8 precursors (figure 4.2.4). It follows that, Egfr signalling is not the cause 
of R8 twinning in sca mutants. This means that there is more than one way of 
causing the R8 twinning phenotype. sca is known to bind to the Notch receptor 
(Powell et al., 2001). Presumably, either decreasing lateral inhibition (sca mutants) 
or increasing Egfr signalling (ed mutants) can cause R8 twinning. 
I did not make Egfr null clones in a ro mutant background. However, it has been 
observed that ro is not expressed in Egfrclones (Dominguez et al., 1998). 
Furthermore, Egfr clones do not have twinned R8 precursors (Baonza et al., 2001; 
Dominguez et al., 1998; Lesokhin et al., 1999) (own observations). This implies that 




Figure 4.2.4 Egfi"35 clones in a scabrousW 2  background 
(A-C) Confocal images of FRT42D sca 2 Egf," 35/ FRT42D Minute armadillo lacZ stained 
with antibodies against 3-galactosidase in green and Senseless in red. The clone is marked 
by the absence of green staining. The disc is only homozygous for sca within the clones. (A, 
B) Images of the same clone. (A) Apical focal plane. (B) More basal focal plane. (C) Different 
clone. (A', B' and C') Red. (A", B" and C") Green. 
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Figure 3.4.4 Notch and Egfr signalling during es organ SOP selection in 
echinoid mutants 
(A-D) Wing discs stained with a DIG-labelled antisense E(spl)m8 mRNA probe. (A) Wildtype. 
(B) ecP 23/I(2)k01102. (C) Wildtype. (D) ecP 1231 I(2)k01102. (E-H) Wing discs stained with a 
DIG-labelled antisense pntPl mRNA probe. (E) Wildtype. (F) ed412/ed412 . (G) I(2)k011021 
Df(2L)ed-dp. (H) ect1231 Df(2L)ed-dp. (I, J) Wing discs stained with a DIG-labelled antisense 
rho probe. (I) Wildtype. (J) ect'23/ I(2)kOl 102. (K, L) Wing discs stained with antibodies 
against Senseless in red and Scabrous in green. (K) Wildtype. (L) ect1231 I(2)kO1 102. 
scabrous (sca) mutants have a similar bristle phenotype to ed mutants (Lee et al., 
1998; Mlodzik et al., 1990a). In the wing discs, Sea is secreted by the PNCs and at 
higher levels by the SOPs (Mlodzik et al., 1990a). Loss of Sea protein could be the 
cause of the ed mutant phenotypes. However, Sea expression is slightly increased in 
ed4 ' 2 homozygous and edW23/  1(2)K01102 transheterozygous wing discs, due to the 
greater number of SOPs (figure 3.4.4 and data not shown). Increasing the levels of 
Sea protein expression in the PNCs and SOPs cannot cause the development of 
additional bristles (Lee et al., 1998), meaning that the ed4 ' 2 bristle phenotypes are 
unlikely to be mediated by Sea. scaBi2  (a null allele) homozygous adults have 
additional es organs but at lower frequency than many ed mutants (table 3.4.5). 
sca "2 flies also have a small number of macrochaetae with the incorrect cell types. 
These include macrochaetae with a pair of shafts in one socket or sockets with no 
shaft (data not shown). ed loss of function mutations never show SOP division 
phenotypes. These results suggest that the sca and ed mutant phenotypes have 
different origins. Indeed, ed4'2, scaThO2  double mutants have a greater number of DC 
macrochaetae than either mutation alone, and the number of malformed es organs is 
not increased (table 3.4.5, data not shown). They therefore probably function 
independently of one another. 
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Egfr signalling in echinoid mutants 
The Egfr pathway has been shown to act antagonistically to the Notch pathway in the 
resolution of bristle PNCs (Culi et al., 2001), and it is conceivable that an increase in 
levels of Egfr pathway signalling could be the cause of the additional es organs in ed 
mutants. However, the ed4 ' 2 homozygous bristle phenotype cannot be consistently 
modified by loss of one copy of the Egfr or of aos (table 3.4.5). This is in stark 
contrast to the strong interactions observed during R8 specification (section 3.4.1, 
table 3.4.1), meaning that Egfr signalling during bristle development is unlikely to be 
affected by ed mutations. Furthermore, levels of pntPl and rho mRNA are 
unchanged in ed"21 ed"2 , edaI23/  Df(2L)ed-dp and ed't123! 1(2)K01102 wing discs 
compared to wildtype (figure 3.4.4), suggesting that Ed has no direct effect on levels 
of Egfr pathway signalling in this region. 
Summary 
During bristle development ed interacts very strongly with the Notch signalling 
pathway. Although the exact relationship between Ed and Notch signalling remains 
unclear, there does appear to be a very strong connection and Ed may modulate 
Notch signalling. 
3.4.3 Signalling during embryonic chordotonal organ 
development in echinoid mutants 
Both the Notch and Egfr signalling pathways operate during the formation of 
chordotonal organs (Okabe and Okano, 1997; zur Lage et al., 1997; zur Lage and 
Jarman, 1999). During specification of the embryonic lateral chordotonal organ 
cluster, three SOPs are initially selected from the atonal-dependent PNC. Two of 
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these then recruit an ectodermal cell each as an additional SOP via inductive Egfr 
signalling (Okabe and Okano, 1997; zur Lage et al., 1997). 
ed4 ' 2  homozygous embryos frequently have lch6-7 rather than the wildtype lch5. 
Embryos that are homozygous for a null rho mutation have lch3 because the 
recruitment of the additional SOPs cannot occur (Okabe and Okano, 1997;zur Lage 
et al., 1997). If rho is removed in an ed4'2 background, then the number of lateral ch 
organs will reflect the number of SOPs that were selected from the PNC (because the 
recruitment of the 2° SOPs will not be occurring). This can be used to determine if 
the additional ich organs in ed412 homozygous embryos are the result of additional 
SOPs being selected from the PNC or excessive recruitment of 2° SOPs. ed4'2 ; rho" 
homozygous embryos can display lch4 or 3 (figure 3.4.5). This suggests that there is 
a defect in the selection of the primary SOPs rather than in the recruitment of the 
secondary ones. Alternatively, the recruitment of 2° SOPs via the Egfr pathway could 
be activated downstream of rho in the double mutants. This latter hypothesis is 
unlikely and could be tested by Ato staining of staged embryos to identify the 1° 
precursors. If an effect on 1° SOP selection from the PNC is the cause of the 
embryonic lch phenotype, it is probably due to an effect on the Notch pathway or an 
as yet unknown signalling pathway. 
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Figure 3.4.5 echinoid; rhomboid double mutant embryos 
(A-D) Embryos stained with an antibody against the neural epitope, 22c10. (A) ed412/ed4 ' 2 
whole embryo. (B) ed4 ' 2/ ed'' 2; rho"/ rho" whole embryo. (C) ed'' 2/ ed4 ' 2 two segments, 
at higher magnification. (D) ed'' 21ecf 12; rho 3/ rho" two segments, at higher magnification. 
3.4.4 Signalling during wing vein development in echinoid 
mutants 
During wing vein specification, Egfr signalling promotes vein fate and Notch 
pathway signalling acts to limit vein thickness (Sturtevant and Bier, 1995). Some of 
the ed alleles have a small amount of extra vein material, particularly around vein L2 
(section 3.3, data not shown). The ed4 ' 2 homozygous wing vein phenotype is 
enhanced by removing one copy of px (section 3.2). In px mutants rho expression is 
increased (Matakatsu et al., 1999), and the interaction suggests that an increase in 
Egfr signalling may also be the cause of the wing vein phenotype in ed"2 . hsrho flies 
display a slight additional wing vein phenotype in the absence of any heat shock 
(APJ pers. comm.). This phenotype could not be enhanced by ed"2! ed4 ' 2 (data not 
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shown). Changes in the level of rho mRNA expression in the wing veins were not 
apparent in ed4"21ed412, edtm231Df(2L)ed-dp or ed"2311(2)k01102 wing discs, although 
pupal wing discs were not examined (data not shown). dppGal4/ UASsca flies have 
the nicked wings that are characteristic of a decrease in the amount of Notch 
signalling (Lee et al., 1998). This phenotype too could not be modified by ed4 ' 2 
homozygotes (data not shown). An effect on the wing veins was never observed in 
any of the other genetic interactions that were performed throughout the course of 
these experiments. The cause of the extra vein material in ed mutant flies is not 
clear, but an increase in Egfr signalling is the most plausible explanation. 
3.5 Discussion 
ed4 ' 2 was identified by Neil White as an enhancer of the ato'0968 eye phenotype, and 
preliminary analysis showed that this allele was homozygous viable with additional 
neural precursors of various types. I have extended this analysis by isolating and/or 
characterizing a number of ed alleles. This has demonstrated that the most penetrant 
phenotype caused by loss of Ed function is indeed the selection of additional neural 
precursors, although phenotypes are not restricted to the PNS. The PNS phenotypes 
of ed appear to be specific to the sense organs that are specified by the proneural 
genes ac/sc and ato. No effects were seen on the amos-dependent sensilla basiconica 
or sensilla trichodea. This may reflect a difference in the way these sense organs are 
specified, something that has yet to be examined in detail. 
It is interesting to note that ed has been localized to the genetic region 2-11, the same 
region as the gene scabrous-like (scal), mutations of which have unfortunately been 
lost. The phenotypes of scal were strikingly similar to those of ed. scal mutant flies 
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are described as being semi-lethal with rough, slightly bulging eyes, increased 
numbers of abdominal and scutellar bristles and broad, curved wings with irregular 
L2 veins and posterior crossveins (Lindsley and Zimm, 1992). It is likely that scal 
and ed mutations affect the same locus. 
3.5.1 echinoid mutant phenotypes and their basis: two 
functions for one protein? 
The two most striking ed phenotypes are the selection of additional R8 precursors in 
the eye and of extra macrochaetae SOPs. There are various pieces of evidence to 
suggest that although these phenotypes are superficially very similar they in fact 
have different origins: 
The ed alleles with the most penetrant R8 phenotypes are not necessarily those 
with the strongest bristle phenotypes. 
Bristle development is highly sensitive to increased levels of ed expression, 
whereas it is much more difficult to cause a phenotype by overexpressing ed in 
the eye. 
The bristle and eye phenotypes display different genetic interactions. 
The function of Echinoid during R8 specification 
In all of the ed alleles that I have examined there is incomplete resolution of Ato 
expression in the eye and subsequently more than one R8 photoreceptor can 
differentiate per ommatidium. This contradicts the published report on ed where no 
R8 defects were observed (Bai et al., 2001). The reason for this discrepancy is not 
clear, although the only R8 marker used by Bai et al. is Boss antibody (Bai et al., 
2001). It can be difficult to identify multiple R8 precursors with this marker and they 
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may have missed the R8 phenotype. Alternatively, the allele they tested may be 
unusual in that it does not have an R8 twinning phenotype. 
I have observed no R8 spacing defect in any of the ed alleles, even in clones of the 
strongest lines. Moreover, there were no R8 spacing defects in any of the genetic 
interactions that were examined. These data imply that Ed function during R8 
selection is highly specific for equivalence group resolution. 
I was unable to find any evidence that Notch signalling during R8 specification is 
altered in ed mutants. There is a genetic interaction between ed4 ' 2 and the N null 
allele, N55 ", but levels of E(spl)m8 mRNA were unchanged in ed mutant eye discs. 
In spite of this, it is possible that Ed does affect levels of Notch pathway signalling 
during Ato resolution. One way to check this would be to examine Su(H) protein 
levels and distribution, especially since the functions of Su(H) are not restricted to 
activating transcription of the E(spl)C genes (de Celis et al., 1996; Furriols and Bray, 
2000; Klein et al., 2000; Li and Baker, 2001; Morel and Schweisguth, 2000). The 
expression levels of other E(spl)C genes could also be identified. 
My evidence more strongly suggests that the cause of the R8 twinning defect in ed 
mutants is excessive signalling through the Egfr pathway (genetic interactions and 
the increase in pntPl expression). This is surprising, given that Egfr signalling does 
not have a role in R8 selection in spite of its many other functions in the eye (Baonza 
et al., 2001; Dominguez et al., 1998; Lesokhin et al., 1999; Yang and Baker, 2001). 
In other areas of the PNS, Egfr signalling can activate ato expression (zur Lage et al., 
1997; zur Lage and Jarman, 1999); this is presumably also happening in ed mutants. 
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The increase in levels of pntPl mRNA in ed mutants suggests that the point of 
intersection between Ed and the Egfr signalling pathway must be upstream of pntPl 
transcription. This is in contrast to the results of Bai et al. who concluded that Ed was 
acting downstream of Pnt, but in parallel to the zinc-finger protein Tramtrack (Ttk) 
(Bai et al., 2001). The difference could arise because Ed functions differently during 
R8 specification and outer R cell recruitment (supported by my observation that the 
ed alleles with the strongest R8 twinning phenotypes do not necessarily have the 
strongest adult eye phenotypes). Bai et al. used epistasis tests, looking at R7 
recruitment in a sevenless mutant background to order Ed within the Egfr pathway 
(Bai et al., 2001). The outer R cell defect could be partly caused by the excess R8 
precursors. If this is the case, the epistasis tests would be invalid because the 
phenotype scored would be downstream of the primary phenotype. 
The morphogenetic furrow was observed to advance more quickly within ed mutant 
clones. Expression of an activated form of raf can cause an increase in the number of 
cells expressing Ato anterior to the morphogenetic furrow. This is not observed if the 
Egfr is ectopically activated anterior to the furrow (Greenwood and Struhl, 1999). 
This data suggests that Ed may interact with the MAP kinase pathway rather than the 
Egfr itself. This may mean that Ed is not specific for the Egfr pathway. This could be 
tested by looking for genetic interactions with other RTKs such as torso and 
breathless. The phenotypes of ed mutants are consistent with either an interaction 
with Egfr or with the MAPK signalling pathway. 
The most penetrant R8 twinning phenotypes are always associated with the ed allele 
ed''2 . For example, ed44l ed4 ' 2 and ed6 '! ed4 ' 2 have 86% and 73% unresolved 
equivalence groups respectively whereas ed4 4 homozygous clones display 38% and 
ed6 ' homozygous clones display 48%. ed4 ' 2 is also unusual because it has some 
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dominant phenotypes. The ed coding region from ed4 ' 2 has been sequenced and there 
is a pro-leu change between the first and second Ig domains. In Li molecules several 
different Ig domains and fibronectin repeats seem to be required for homophilic and 
different heterophilic interactions (De Angelis et al., 1999), so it is not possible to 
predict from amino acid sequence alone what will be affected in ed4'2 . However, the 
ed4 ' 2  mutation could specifically affect an interaction with the Egfr signalling 
pathway, perhaps it is an Egfr-selective dominant negative. If this is the case it could 
be very useful for biochemical analysis of Ed function. 
The relationship between Ed and the Egfr in the equivalence groups is intriguing and 
points towards a novel process. This is investigated and discussed further in the next 
chapter, which also considers the relationship between ed, ro and sca. 
The function of Echinoid during bristle development 
Loss of ed function results in gain of SOPs while overexpression of ed at a high level 
results in a block in SOP selection, although this block is not completely penetrant. 
ed4 ' 2 interacts with ase, which is expressed as a cell becomes committed to the SOP 
fate, suggesting that it is this transition to SOP fate which is facilitated in ed mutants. 
It follows that Ed must function upon the PNC cells to prevent them from becoming 
SOPs, clonal analysis could be used to confirm this. 
When ed is overexpressed at a lower level the phenotypes vary: some PNCs do not 
form SOPs, whereas in others additional SOPs are selected. This intermediate 
phenotype is interesting. Loss of Dl and overexpression of Dl both cause additional 
SON to be selected (Doherty et al., 1997; Heitzler and Simpson, 1991). In the first 
situation lateral inhibition is prevented in the absence of the ligand, in the second 
situation cis interactions between Dl and N proteins on the same cell autonomously 
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inhibit N signal transduction (Doherty et al., 1996; Jacobsen et al., 1998; Jonsson and 
Knust, 1996). The intermediate phenotypes obtained when scaGal4/+; UASedJ+ 
flies are raised at 25°C could reflect a similar situation where Ed can form complexes 
that inhibit its normal function. Alternatively, the phenotypes could indicate some 
dominant negative activity of the overexpressed protein. However, expressing Ed 
protein to a higher level produces dominant active phenotypes, therefore It is unlikely 
to be acting as a dominant negative at any point. Interestingly, many IgCAMs are 
known to form cis interactions both with themselves or other molecules (Kamiguchi 
and Lemmon, 2000). Furthermore, the Drosophila IgSF proteins Hibris and Irregular 
chiasmC-roughest exhibit the same phenotypes under conditions of loss of function 
and overexpression, although the molecular basis for these observations is not known 
(Artero et al., 2001; Reiter et al., 1996). 
The interactions between ed4 ' 2 and N heterozygotes, and the suppression of the ed4'21 
ed4'2 bristle phenotype by H imply that a decrease in Notch pathway signalling is the 
cause of the ed phenotypes. Overexpression of ed in the PNCs and SOPs also 
supports this. (Changes in levels of E(spl)m8 expression were not detected but may 
be outside the visible range). If this hypothesis is correct, it should be possible to 
rescue the ed bristle phenotypes by overexpressing N' or E(spl)m8. Epistasis 
experiments between ed 4 ' 21 ed4'2 and scaGa14,UASE(spl)m8, or scaGa14, UASNaCI 
were attempted. Unfortunately, the E(spl)m8 experiment did not work for technical 
reasons. With scaGal4, UASNaC(,  the phenotypes obtained were intermediate between 
those of ed 4 ' 21 ed412 and scaGa14, UASNaCf  alone (scaGal4, UASN flies exhibit 
sense organ loss and fate transformation of their cells) (data not shown). This 
indicates a genetic interaction but does not provide any data about the relationship 
between Ed and the Notch pathway. The interaction between NSSIJ  and ed4" 21 ed4 12 
(flies have missing bristles) complicates the issue even further. To understand this 
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interaction ac or sc expression and SOP selection need to be examined in N550h/  +; 
ed4 ' 21 ed412  wing discs. The explanation may be that Ed is involved in the 
prepatterning role or the SOP divisions role of Notch signalling. This strong genetic 
interaction could indicate that there is a physical interaction between the Ed and N 
proteins. 
Loss of Egfr function can cause loss or duplication of macrochaetae depending on 
their position (Culi et al., 2001). Different PNCs therefore, have different 
requirements for Egfr signalling. If overexpression of ed were preventing Egfr 
pathway signalling, then these different requirements for Egfr signalling could be the 
reason behind the varying phenotype. However, there is no evidence that Ed can 
interact with the Egfr signalling pathway in the macrochaetae PNCs: Egfr signalling 
is not required for microchaetae development (Culi et al., 2001), loss of ed function 
always results in the selection of additional SOPs and the bristle phenotypes of ed 
mutants do not interact with mutations in the Egfr signalling pathway. 
Ed function in the macrochaetae PNCs appears to be closely allied to the Notch 
signalling pathway. Ed could either function in the Notch pathway directly to repress 
SOP fate in the majority of the PNC cells (it is clearly not a core component of the 
pathway as mutations do not exhibit other Notch phenotypes, such as wing nicking). 
Alternatively, Ed could act to make the PNC cells more responsive to Notch 
inhibition, independently of Notch pathway signalling. Not all of the PNC cells 
become SOPs even in the strongest ed alleles. If the function of Ed is to prevent cells 
being fated as an SOP by making the PNC cells more responsive to Notch signalling 
it must be supposed that this is redundant with other mechanisms, possibly 
differences in the level of Notch signalling across the PNC (Heitzler and Simpson, 
1991). 
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Self-stimulation of sc expression has been shown to be crucial for SOP selection, and 
the minimal enhancer necessary for this has been identified (Culi and Modolell, 
1998). Experimental evidence shows that Sc protein and the E(spl)C proteins are 
required for activation of this enhancer in the SOP and repression of it in the rest of 
the PNC, but that they are not completely sufficient (Culi and Modolell, 1998). There 
is some evidence that an unknown transcription factor (which may bind to an a box) 
is required for promoting expression from the sc SOP enhancer and maybe also for 
repressing it in the other PNC cells (Culi and Modolell, 1998). Egfr signalling can 
promote transcription from the scSOP enhancer (Culi et al., 2001) but the 
experiments have not been done to reveal whether Sc, E(spl)C and the Egfr pathway 
are together sufficient for the correct expression of the scSOP enhancer, and hence 
correct selection of one SOP from the PNC. The function of Ed in the PNCs will now 
be considered in the light of this information and my data. 
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Figure 3.5.1 Models for Echinoid function during SOP selection 
In the SOP sc IS expressed from its SOP enhancer. This is promoted by Scute itself and an 
unknown transcription factor, X, which may be downstream of the Egfr signalling pathway. 
This cell is not responsive to Notch signalling. In the PNC cells the scSOP enhancer is not 
active because Notch signalling is promoting E(spl) expression and factor X is acting as a 
repressor. Echinoid is shown functioning in the PNC cell because of the loss and gain of 
function phenotypes. The arrows do not necessarily mean a direct interaction occurs. (A) 
Echinoid modulates Notch pathway signalling (possibly, but not necessarily, interacting 
directly with N) to promote E(spl) function in the PNC cells. (B) Echinoid promotes E(spl) 
protein function in the PNC cell independently of the of the Notch signalling pathway. (C) 
Echinoid promotes the inhibitory function of X in the PNC cell. 
The different ways Ed could be affecting SOP selection are illustrated in figure 3.5.1. 
Ed could be promoting Notch pathway signalling in the PNC cells through a direct 
interaction with some part of the pathway. I have shown that levels of E(spl)m8 
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expression do not change in ed mutant wing discs which argues against a direct 
effect on the amount of N/Su(H) protein that is active. However, Notch signalling 
does not occur in a linear fashion and the action of Ed could be for example, to 
stabilise E(spl) protein, modify the Su(H)/N"' complex, or to alter the E(spl)C genes 
that are transcribed. 
Ed activity could be modulating E(spl) protein function in the PNC cells 
independently of the activity of the Notch pathway. This could mean a modification 
of E(spl) proteins to allow them to repress the scSOP enhancer, or their stability 
could be altered. The available evidence suggests that Ed is located in the plasma 
membrane (Bai et al., 2001) so it is unlikely to be interacting directly with E(spl) 
proteins. One argument against this model is that overexpression of ed can affect the 
fate of the SOP daughter cells and the E(spl) proteins are not required for this process 
(Nagel et al., 2000). 
Ed activity could be promoting the inhibitory function of the hypothetical 
transcription factor X in the PNC cells, possibly altering levels of transcription or 
protein stability or modifying the protein. Ed is unlikely to be interacting directly 
with a transcription factor. 
It is not possible to distinguish between these models based on the available 
evidence. It may be possible to detect changes in the amount of Notch signalling in 
ed mutants by examining the amount/distribution of Su(H) protein compared to 
wildtype or the amount of mRNA or protein for different E(spl)C genes. However, 
any changes may be at an undetectable level, or Ed could affect a different aspect of 
the pathway. A sensible way to begin to determine the function of Ed in the PNCs is 
to identify its protein-protein interactions. This could be done in a yeast-2 hybrid 
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screen using the intracellular domain of Ed. Alternatively, co-immunoprecipitations 
from protein extracts, followed by electrophoresis and mass spectrometry to identify 
any protein(s) pulled down, may be the more appropriate method to identify any 
interactions that are mediated by the extracellular domain. Functional experiments, 
using genetics as well as biochemistry, would have to follow. 
The function of Echinoid in tissue growth 
Loss of ed results in overly large wing discs. This may even be the cause of death in 
the lethal alleles. Overexpression of ed causes a much smaller adult wing. Changes in 
cell size at least partially underlie these defects. 
The Ras pathway has been shown to be involved in control of growth in the wing 
discs, indeed excess Ras activity increases cell growth, including an effect on cell 
size (Karim and Rubin, 1998; Prober and Edgar, 2000). Excessive Egfr signalling, or 
a direct effect on the MAPK, could be the cause of the growth phenotypes observed. 
The Notch pathway has been reported to affect growth of the leg, eye and wing discs 
(Baonza and Garcia-Bellido, 2000; Papayannopoulos et al., 1998; Rauskolb and 
Irvine, 1999). Decreasing Notch pathway activation impairs growth while expression 
of constitutive active N promotes it. Since, if anything, levels of Notch signalling 
may be decreased in ed mutants, Notch is unlikely to mediate the growth defect. 
The effects of ed on tissue size could be mediated by other pathways. For example, 
changes in the ability of cells to send or respond to dpp can alter tissue size although 
in this case cell size is not usually changed (Arquier et al., 2001; Bilder et al., 2000; 
Manfruelli et al., 1996). Organ size may be regulated by a specific mechanism that 
senses tissue mass (Potter and Xu, 2001; Xu et al., 1995), ed mutations may affect 
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this. Alternatively, Ed may modulate signalling through the insulin pathway which 
also controls cell growth (Potter and Xu, 2001; Prober and Edgar, 2001). In order to 
understand any function for Ed in regulating organ size, the size phenotypes first 
need to be characterised more fully. Clonal analysis in the wing and leg discs that 
specifically addresses the size of clones compared to their twin spots would ascertain 
which tissues can be affected by ed mutants. Antibody staining and/or FACs analysis 
could be used to determine which stage(s) of the cell cycle are altered in ed mutants. 
Detection of the apoptotic cells would show if this is an effect on proliferation or 
death. Armed with this information, a series of genetic experiments could be 
designed to identify the signalling pathway affected. 
3.5.2 Links between the Notch and Egfr signalling pathways 
The Egfr and Notch signalling pathways act antagonistically at many places 
throughout development. Indeed, they are intimately linked and Ed is not the first 
protein that appears to affect both pathways independently of one another. 
split ends (spen) encodes a protein with RNA recognition motifs that has been 
identified as an enhancer of an activated yan allele and subsequently shown to act 
positively somewhere in the Egfr signalling pathway during embryogenesis (Chen 
and Rebay, 2000; Kuang et al., 2000; Rebay et al., 2000). spen null embryos also 
have defects that are characteristic of a decrease in Notch signalling and have lower 
levels of Su(H) and E(spl) protein than wildtype (Kuang et al., 2000). Unfortunately 
it is difficult to make direct comparisons between spen and ed: spen has only been 
studied during embryogenesis and ed during imaginal development, and the 
biochemical function of both proteins remains unknown. 
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Mutations in canoe, which encodes a protein that binds to Ras in vitro and is 
localised to adherens junctions, show a rough eye phenotype, additional 
macrochaetae and loss of wing veins (Kuriyama et al., 1996; Matsuo et al., 1997; 
Miyamoto et al., 1995). They interact very strongly with N and sca mutants in 
macrochaetae and wing development (Egfr signalling was not examined at this stage) 
and with Ras mutants during cone cell formation (Notch signalling was not examined 
at this stage) (Matsuo et al., 1997; Miyamoto et al., 1995). It is not clear if Canoe is 
part of the Egfr pathway that mediates cross-talk with the Notch signalling pathway 
or if it is acting separately in both pathways, possibly by regulating the structure of 
adherens junctions. 
3.5.3 Immunoglobulin-domain proteins: versatile 
workhorses? 
My clonal analysis in the eye disc indicated that Ed is required both in the cells 
sending and receiving a signal, and therefore may bind homotypically in trans 
(section 3.3.1). Interestingly, homotypic binding of Li molecules in trans has been 
shown to activate FGF pathway signalling (Kamiguchi and Lemmon, 2000; Williams 
et al., 1994). This suggests that Ed may function similarly to the Li family of 
NCAMs. 
I have shown that ed mutations have several different phenotypes and probably affect 
more than one signalling pathway. Indeed, Ed probably has other, as yet 
uncharacterized, roles. For example, ed''2scaTh02/ ed2scaB!2 flies are infertile, which 
implies Ed has a redundant role in the germline. It would be very interesting to 
examine the development of other tissues where Notch and/or Egfr signalling are 
important, such as, specification of the midline, tracheal branching and muscle 
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progenitor cell specification in the embryo and axis specification or dorsal appendage 
position in the oocyte (Affolter and Shilo, 2000; Carmena et al., 1998; Morel and 
Schweisguth, 2000; Schweitzer and Shilo, 1997; Wilson, 1999). This would 
determine if Ed is used in either of these signalling pathways more widely than 
during PNS development. 
The multiple phenotypes of ed mutants and their apparently different causes are 
consistent with the available data concerning pleiotropic roles for IgSF proteins in 
Drosophila and other systems. For example, mutations in irregular chiasmC-
roughest (irreC-rst) affect myoblast fusion during embryogenesis, apoptosis during 
pupal eye development, positioning of the founder cells on the third antennal 
segment and axon pathfinding in the PNS (Ramos et al., 1993; Reiter et al., 1996; 
Schneider et al., 1995; Strunkelnberg et al., 2001; Venugopala Reddy et al., 1999). 
The axon pathfinding and the epithelial rearrangements in the eye/antennal disc have 
been shown to depend on separate regions of the protein which function in a distinct 
manner from one another (Venugopala Reddy et al., 1999). Presumably specific 
interactions with regionally expressed molecules underlie the multiple functions of 
both the IrreC-rst and Ed proteins. 
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An investigation into Egfr pathway 
signalling during equivalence 
group resolution 
4.1 Egfr signalling during PNS specification 
4.1.1 The many functions of the Egfr signalling pathway 
during eye development 
The Egfr pathway is used repeatedly throughout eye development. It has roles in the 
specification of the eye field, the early proliferation of the disc, initiation and 
movement of the morphogenetic furrow, the spacing of the R8 precursors, 
recruitment of the outer photoreceptors and the accessory cells, initiation of the 
second mitotic wave, survival of the developing photoreceptors, and the removal of 
excess cells by apoptosis during pupation (Baker and Yu, 2001; Baonza et al., 2001; 
Chen and Chien, 1999; Dominguez et al., 1998; Freeman, 1996; Kumar and Moses, 
2001a; Kumar and Moses, 2001b; Kumar et al., 1998; Lesokhin et al., 1999; Miller 
and Cagan, 1998; Spencer et al., 1998; Xu and Rubin, 1993; Yang and Baker, 2001). 
143 
Egfr signalling during equivalence group resolution 
The consensus in the literature is that the Egfr signalling pathway is not required for 
a cell to adopt the R8 precursor fate. This is in spite of it being required, in a negative 
role, for correct intermediate cluster spacing upstream of R8 specification (Baonza et 
al., 2001; Chen and Chien, 1999). In the previous chapter, I have shown that R8 
twinning in ed4 ' 2  can be suppressed by removal of one copy of the Egfr. R8 twinning 
in ed mutants may therefore be caused by Egfr signalling. That is, R8 twinning might 
not result from a failure of lateral inhibition, but rather from an inappropriate Egfr 
signalling event. There is an apparent paradox in this hypothesis: if Egfr signalling is 
not required for a cell to take on an R8 precursor fate, why should it be the cause of 
R8 twinning? 
There are two (not necessarily mutually exclusive) alternatives for the role of the 
Egfr signalling pathway in influencing R8 twinning in the ed mutant: 
Egfr signalling from the selected R8 precursor to the other cells of the 
equivalence group, in order to recruit them to an R8 fate. This would be an 
inductive role for the Egfr signalling pathway. It would be analogous to the 
situation in the chordotonal SOPs (Okabe and Okano, 1997; zur Lage et al., 
1997; zur Lage and Jarman, 1999). 
The Egfr signalling event is between all cells of the equivalence group in order to 
antagonise lateral inhibition. This would be a permissive role for the Egfr 
signalling pathway. It would be analogous to the phenomenon of lateral co-
operation in the macrochaetae PNCs (Culi et al., 2001). 
Either way, the role of Ed would be to suppress the effect of the Egfr signalling 
pathway on R8 fate. One might also suppose that Egfr signalling could be the cause 
of R8 twinning in sca and ro mutants, and under conditions of ato overexpression. 
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4.1.2 The positive functions of the Egfr in other sense organs 
The Egfr signalling pathway has been shown to act positively on neural fate during 
the specification of other elements of the PNS in Drosophila. That is, Egfr signalling 
is acting to promote neural fate. This is in contrast to the situation in the eye, where 
Egfr signalling is thought to inhibit ato expression, and hence neural fate, between 
the intermediate clusters (Baonza et al., 2001; Chen and Chien, 1999). This 
inhibition is the spacing role of the Egfr signalling pathway during R8 specification. 
In the development of the embryonic lateral chordotonal organ cluster, three SOPs 
are specified from the PNC by ato, and a further two are induced by Egfr signalling 
from the primary SOPs to neighbouring ectodermal cells (Okabe and Okano, 1997; 
zur Lage et al., 1997). The situation is similar in the adult femoral chordotonal organ. 
Here, the proneural cluster persists. The first SOPs to be specified delaminate from 
the PNC and signal back to the PNC via the Egfr to induce the formation of 
additional SOPs. The next SOPs to be specified repeat the process until 70-80 SOPs 
have been specified (zur Lage and Jarman, 1999). These are examples of inductive 
signalling. The Egfr ligand is activated in developing SOPs, and the signalling event 
is required for the formation of clusters of sense organs (zur Lage et al., 1997; zur 
Lage and Jarman, 1999). 
Specification of the macrochaetae on the adult thorax also requires Egfr pathway 
signalling (Culi et al., 2001). Here the Egfr signalling is probably required within the 
proneural cluster to antagonise the Notch pathway mediated lateral inhibition. This 
Egfr pathway function has been termed lateral co-operation (Culi et al., 2001). It is a 
positive role for the Egfr in promoting neural fate, but it is not neural induction in the 
sense of the ch organs. 
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The aim of the remainder of this chapter is to determine whether Egfr signalling is 
the basis of R8 twinning. This proposition has been investigated by manipulating 
levels of Egfr signalling in wildtype and mutant eye discs. 
4.2 Is Egfr signalling the basis of R8 twinning? 
4.2.1 Genetic interactions between the Egfr signalling 
pathway, scabrous and rough 
R8 twinning in ed4 '2 homozygotes was suppressed by removing one copy of the 
Egfr, and enhanced by heterozygosity for the inhibitory Egfr ligand, aos (table 3.4.1, 
figure 3.4.1, table 4.2.1). Similarly, R8 twinning in scaTh02 homozygotes was 
suppressed by removal of one copy of the Egfr (table 4.2.1). This supports the idea 
that Egfr signalling may have a role in R8 twinning. On the other hand, in r0163 
mutants the level of R8 twinning was slightly increased by the introduction of 
Egfr" 351 CyO (table 4.2.1). Over the course of my experiments, the level of R8 
twinning in ro mutants varied considerably (table 3.4.3). Either the level of R8 
twinning in roX63  cannot be modified by a small decrease in Egfr signalling, or any 
modification was masked by genetic background effects. 
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Genotype Proportion of R8 positions 
with >1 R8 precursor 
Mean number of R8s 
per position 
ed412 Ied412  0.58 ± 0.02 	n=10, 632 1.63 ± 0.023 
ed412 , Egfr"35/ed"2, + 0.40 ± 0.018 n=5, 	1072 1.41 ± 0.016 
sca'21 scaB 2 0.32 ± 0.016 	n=5, 	884 1.34 ± 0.018 
sca2, Egfrhl(35/ scaBJ'2, + 0.18 ± 0.012 n=10, 1110 1.18 ± 0.012 




Egfr 351Cy 0;ro X631 ro 63 0.19 ±0.015 	n=6, 685 
(anterior only) 
1.21 ±0.017 
Table 4.2.1 The interaction between Egfr and echinoid, scabrous and rough 
Amount of R8 twinning ± the standard error of the mean. The number of discs and number of 
R8 positions counted is shown. 
I previously showed that levels of pntPl mRNA are increased in ed4'2 homozygotes 
(section 3.4.1). The expression levels of the Egfr pathway target genes pntPl and rho 
were examined in SCaBP2  and rox63  mutants. rho expression in the morphogenetic 
furrow was found to be unchanged compared to wildtype. There was, however, an 
increase in levels of pntPl mRNA in ro"63 mutants (figure 4.2.1). 
These experiments support the idea that Egfr signalling may have a role in R8 
twinning. They also show that levels of Egfr signalling are not changed in sca null 
mutants, but that there may be an increase in the level of Egfr signalling in ro null 
mutants. 
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Figure 4.2.1 Expression of Egfr pathway target genes in scabrous and rough 
null mutants 
(A-C) Eye discs stained with DIG-labelled antisense pntPl mRNA probe. (A) Wildtype. (B) 
sca 2/sca82 . (C) rc.r"63/ro"63. Note the slight increase in expression in the furrow. (D-F) Eye 
discs stained with DIG-labelled antisense rho mRNA probe. (D) Wildtype. (E) sca2/scaB2. 
(F) roX631  ra 63 . The decrease in rho just posterior to the furrow in this disc is a result of the 
loss of Ro in R2 and R5 (Freeman et al., 1992a). 
4.2.2 Can removing all Egfr signalling prevent R8 twinning? 
If Egfr signalling is the underlying cause of R8 twinning, then preventing all Egfr 
signalling in a twinning mutant background should rescue the R8 twinning 
phenotype. There are two ways of performing this experiment. I have performed this 
experiment in both of the possible ways: creating EgJ'r null clones, and using a 
temperature-sensitive Egfr allele. 
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Using Egfr null clones to prevent Egfr signalling 
If Egfr signalling is the cause of R8 twinning in ed, sca or ro mutants, then removing 
the Egfr itself should prevent all R8 twinning in these backgrounds. Egfr null alleles 
are homozygous lethal, because the Egfr signalling pathway is important at every 
developmental stage. However, clones of Egfr null alleles in the eye disc do survive. 
Consequently, I have made Egfr null clones in R8 twinning mutant backgrounds, to 
see if R8 twinning was rescued within the clone. 
Egfr cells do not proliferate or survive particularly well. To obtain Egfr null clones 
of a sufficient size to investigate R8 fate determination, the clones have to be induced 
in a Minute background. This means that the tissue which is wildtype for the Egfr 
also has a growth defect, and the Egfr mutant tissue is able to compete much better 
(Dominguez et al., 1998). In clones of null Egfr alleles in the eye, there is a severe 
R8 spacing defect and resolution of Ato expression to a single cell is delayed, 
although it does still occur. Soon after resolution of Ato to a single R8 cell has 
occurred, the cell begins to die and no longer expresses R8 markers strongly (Baonza 
et al., 2001; Dominguez et al., 1998; Lesokhin et al., 1999; Yang and Baker, 2001). 
In the following experiments I have used EgJYK35,  which is a null Egfr allele (Clifford 
and Schupbach, 1994). EgJY135  clones were made using a heatshock-inducible 
Flippase (figure 4.2.2). Even in the Minute background it was very difficult to 
identify the heatshock conditions that would result in large clones, and hundreds of 
larvae had to be dissected to obtain just a few. Note the small size and tapering 
nature of the clones, and the persistence of Ato expression compared to the wildtype 
tissue. Moreover, the clones do not express Sens well. These phenotypes make R8 
twinning difficult to distinguish when EgfrK35  clones are induced in twinning mutant 
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backgrounds. Fortunately, R8 cells that have arisen from the same equivalence group 
always have nuclei in the same plane. This has allowed true R8 twins to be 
distinguished from neighbouring R8 precursors in the following experiments. 
When Egfr'K3S  clones were induced in an ed''2 background, R8 twinning was almost 
completely prevented (figure 4.2.3, table 4.2.2). The few R8 positions which were 
scored as twins appeared ambiguous and may have actually been misspaced R8 
precursors. Egfr signalling is therefore required for R8 twinning in ed4 ' 2 
homozygotes, and probably also in other ed alleles. 
Genotype Proportion of R8 positions Mean number of 
with >1 R8 precursor R8s per position 
ed 12 Egfr" 5/ed4 ' 2 Egfr"35 0.054 ± 0.03 	n=8, 56 1.05 ± 0.031 
ed4 ' 2 Egfr"351 ed4 ' 2 + 0.35 ± 0.014 n=6, 1143 1.37 ± 0.015 
(internal control) I 
Table 4.2.2 The R8 twinning in echinoid, Egfr double mutants 
Amount of R8 twinning ± the standard error of the mean. The number of discs and number of 
R8 positions counted is shown. 
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Figure 4.2.2 Egfr 35 clones 
(A-C) Confocal images of Egft 35 clones stained with antibodies against 3-gaIactosidase in 
green and Atonal or Senseless in red. The clones are marked by the absence of the green 
staining. (A) Egfr" 35  clone, Atonal / 3-galactosidase staining. (A') Red. (A") Green. (B) 
Egf 35  clone, Senseless / 3-galactosidase staining. (B') Red. (B") Green. (C) Egfr" clone, 
Senseless I 3-galactosidase staining. (C') Red. (C") Green. 
151 
- 
Figure 4.2.3 EgiY" 35 clones in an echinoicf 12  background 
(A-B) Confocal images of ed412 FRT42D Egfi 51 FRT42D Minute armadillo lacZ, stained with 
DAPI in blue, anti f3-galactosidase in green and anti Senseless in red. (A' and B') Red. (A" 
and B") Green. The clones are marked by the absence of the green staining. Note that very 
few R8 precursors appear to be twinned within the clones. 
152 
I2Ir t iiaIIin 	(1Utlt1 	cquii1cncc 2r(Ufl eS)iLItit}fl 
Egfr'35 clones were also induced in sca'2 background, to determine whether Egfr 
signalling was also the underlying cause of R8 twinning in sca mutants. The sca 
locus is located between the Egfr locus and the FRT site. This meant that Egfr null 
clones were technically difficult to induce in an eye disc that was otherwise 
homozygous for sca; instead, clones that were mutant for both sca' °2 and EgfrIK35  had 
11 to be created in a disc which was otherwise heterozygous for sca 2. sca 2 
heterozygotes do not have any R8 twinning (table 3.4.2). This means that only the 
clones could have twinned R8 precursors. In fact, scaI?I2 Egfr" 35 clones did have 
twinned R8 precursors (figure 4.2.4). It follows that, Egfr signalling is not the cause 
of R8 twinning in sca mutants. This means that there is more than one way of 
causing the R8 twinning phenotype. sca is known to bind to the Notch receptor 
(Powell et al., 2001). Presumably, either decreasing lateral inhibition (sca mutants) 
or increasing Egfr signalling (ed mutants) can cause R8 twinning. 
I did not make Egfr null clones in a ro mutant background. However, it has been 
observed that ro is not expressed in Egfrclones (Dominguez et al., 1998). 
Furthermore, Egfr clones do not have twinned R8 precursors (Baonza et al., 2001; 
Dominguez et al., 1998; Lesokhin et al., 1999) (own observations). This implies that 
Egfr signalling is necessary for R8 twinning in ro mutants. 
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Figure 4.2.4 Egfi"35 clones in a scabrous 2 background 
(A-C) Confocal images of FRT42D sca82 Egft 351 FRT42D Minute armadillo lacZ stained 
with antibodies against -galactosidase in green and Senseless in red. The clone is marked 
by the absence of green staining. The disc is only homozygous for sca within the clones. (A, 
B) Images of the same clone. (A) Apical focal plane. (B) More basal focal plane. (C) Different 
clone. (A', B' and C') Red. (A", B" and C") Green. 
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Using an Egfrs  allele to prevent Egfr signalling 
The clonal analysis demonstrated that Egfr signalling is required for R8 twinning in 
ed mutants, and possibly also in ro mutants. However, the Egfr null clones have 
many phenotypes, and the signalling events that cause R8 twinning may not be 
occurring within the R8 equivalence group itself. To determine where this signalling 
is happening, it would be very useful to prevent Egfr signalling for a short, defined 
period of time during eye development. The morphogenetic furrow lays down a new 
row of ommatidia approximately every two hours (Basler and Hafen, 1989). 
Consequently, if Egfr signalling can be prevented for a defined period of time and 
the larvae are then allowed to recover, the rows of R8 precursors that were at the 
equivalence group stage when signalling was prevented can be identified. 
The role of Egfr signalling during eye development, including R8 specification, has 
been studied using a temperature-sensitive Egfr allele (Kumar et al., 1998). When 
hemizygous Egfr' larvae are raised at the restrictive temperature, most of the roles of 
the Egfr signalling pathway during eye development are blocked. However, in 
contrast to the Egfr null clones, the R8 precursors are correctly spaced (Kumar et al., 
1998). This suggests that not all of the Egfr signalling within the morphogenetic 
furrow is blocked by the Egf?S  allele. 
The EgJY 5 allele was crossed into ed4 ' 2 and ro'63 mutant backgrounds. ed4"2, EgfrJs 
larvae or Egfr'5; ro'63 larvae were raised at the restrictive temperature (for periods of 
2-12 hours) followed by 2 hours of recovery time at the permissive temperature. 
These experiments could not prevent R8 twinning in either the ed4" 7 or the ro'63 
mutant backgrounds (figure 4.2.5). As a positive control, R cell recruitment was 
examined by staining the eye discs with an antibody against the neural protein 
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ELAV. R cell recruitment was prevented at the restrictive temperatures (figure 
4.2.5). 
Unfortunately it is not possible to draw any definite conclusions from these 
experiments, as the Egfrs  allele might not prevent all Egfr signalling in the 
morphogenetic furrow. Consequently, although Egfr signalling is required for R8 
twinning in ed and ro mutants, it is not clear whether this is a direct effect or a 
secondary effect of the signal. 
Figure 4.2.5 Removing Egfr function using a temperature sensitive allele 
(A-B) Confocal images of temperature shifted eye discs (12h restrictive temperature). 
Antibody staining against Atonal, red, and Elav, green. (A) ed412 Egfr/ed412 Egfi 35 . ( B) 
Egfrlsla/ Egfr" 35; ra/ ro. 
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4.2.3 Can overexpression of Egfr pathway elements cause R8 
twinning? 
pntPl, S, secreted spitz (sspi) and rho were all overexpressed in wildtype 
backgrounds using scaGa14, 109-68Gal4 and heatshockGal4. No effects on Ato 
resolution, other than a minor spacing defect, were ever detected (data not shown). 
This is consistent with published data. For example, expression of sspi cannot cause 
an R8 twinning phenotype (Freeman, 1996). 
4.3 Is spitz the ligand for R8 twinning? 
spi'2 and spi ' clones have no effects on R8 formation, although recruitment of the 
outer photoreceptors is blocked (Spencer et al., 1998; Tio and Moses, 1997; Yang 
and Baker, 2001). A second Egfr ligand (spitz-21keren) is thought to activate Egfr 
signalling in the morphogenetic furrow to mediate the R8 spacing function of the 
Egfr (Baonza et al., 2001). In order to establish whether Spitz is the ligand for the 
Egfr signalling that causes R8 twinning, spi' and spi 2 clones were made in ed, sca 
and ro mutant backgrounds. In ed412, sca'2 , sca', ro"" and ro' backgrounds, both 
spi 2 and spi '  clones could not prevent R8 twinning and had no effects on R8 
spacing (figure 4.3.1, table 4.3.1 and data not shown). Spitz is therefore not the Egfr 
ligand that is responsible for R8 twinning. This also shows that twinning does not 
result from a misfated outcome of normal R cell recruitment. 
In the ro 3 and SCaBP2  mutant backgrounds, the amount of R8 twinning increased 
slightly compared with the rest of the disc (table 4.3.1). sca' and ro' were not 
counted, and no internal control was possible for ed"2 . The most likely cause of this 
is genetic background effects, unless removal of spi increases the amount of Egfr 
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Figure 4.3.1 Removing Spitz function in clones in echinoid, scabrous and 
rough backgrounds 
(A-D) Confocal images of SpiSC2  clones marked by the absence of the green nlsGFP. Anti-
Senseless staining is in red. (A', B', C', D') Red. (A", B", C", D") Green. (A) SpiSC2  clone 
nIsGFP and ELAV in green, Senseless in red. (B) spi 2 ecf 12  clone. nIsGFP is green and 
Senseless is red. ed4121ed412 is only within the clone. (C) spi 2 clone in sca82 background. 
nlsGFP is green and Senseless is red. (D) SpiSC2  clone in ro)(63/ rox63 background. nlsGFP is 
green and Senseless is red. 
Genotype Proportion of R8 Mean number of R8s per 
positions with >1 R8 position 
precursor  
ed412/ ed'2 0.58 ± 0.02 n=10,632 1.63 ± 0.023 
ed'2, spjSC2I  ed4 ' 2, spi 2 0.59 ± 0.029  296 1.73 ± 0.040 
sca internal control 0.50 ± 0.08  782 1.58 ± 0.023 
(twinning outwith clone)  
5pSC2, scaB 21 spiSC2, scaBI2 0.58 ± 0.024 n=5, 436 1.71 ± 0.033 
ro internal control 0.34 ± 0.02 n=8, 576 1.40 ± 0.023 
(twinning outwith clone) (anterior only) (anterior only) 
spi 2IspiSC2 ; roX63/roX63 0.46 ± 0.027 n=8, 319 1.56 ± 0.037 
(anterior only) (anterior only) 
Table 4.3.1 R8 twinning in a spitz null background 
Amount of R8 twinning ± the standard error. The number of discs and number of R8 
positions counted is shown. 
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4.4 Discussion 
4.4.1 An inductive role for Egfr signalling during R8 
specification? 
R8 twinning in ed is caused by Egfr signalling 
The Egfr clones showed that an Egfr pathway signalling event is the cause of R8 
twinning in ed mutants, but not in sca mutants. Egfr signalling is not ectopically 
activated in ed mutants, but the levels of endogenous signalling are increased 
(section 3.4.1). The Egfr signalling pathway is not necessary for the adoption of R8 
fate under normal conditions (Baonza et al., 2001; Dominguez et al., 1998; Kumar et 
al., 1998; Lesokhin et al., 1999; Yang and Baker, 2001). The function of Ed appears 
to be to prevent the Egfr signalling pathway from causing R8 twinning. Ed may be 
negatively regulating the Egfr signalling pathway directly, or it could be part of a 
parallel pathway that cross-regulates the Egfr pathway somewhere upstream of pntPl 
transcription. 
Where does the inductive signalling event occur? 
R8 recruitment in ed mutants does not occur as a result of misfated or defective R 
cell induction, since it does not depend on spi (section 4.3). It may require the same 
ligand as the Egfr-mediated R8 spacing, meaning that R8 twinning in ed could be a 
consequence of this signalling event. For instance, the normal function of the Egfr 
signalling that is occurring within the morphogenetic furrow could be to repress ato 
expression (Baonza et al., 2001; Chen and Chien, 1999), but in the absence of Ed the 
same signalling could cause the equivalence group cells to be fated as R8 precursors. 
This may be the case, but this hypothesis does not provide for where the signalling 
event actually occurs. It was not possible to determine experimentally where the Egfr 
signalling event that causes R8 twinning is taking place. However, assuming that R8 
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twinning is a primary response to Egfr signalling (just as Egfr signalling can promote 
neural fate in the ch organs and macrochaetae directly), there are two possibilities: 
The Egfr signalling event could occur after the R8 has been singled out. This 
would be local induction/recruitment. 
The Egfr signalling event could be between all the cells of the equivalence group, 
in order to counteract Notch signalling before one cell has been =specified as the 
R8 precursor. That is, the effect would occur during R8 singling out. This would 
be lateral co-operation. 
When Egfr signalling is removed in the macrochaetae PNCs, an SOP cannot always 
be selected (Culi et al., 2001), whereas in Egfr null clones in the eye too many R8 
precursors are specified (Baonza et al., 2001; Dominguez et al., 1998; Lesokhin et 
al., 1999; Yang and Baker, 2001). This means that Egfr signalling does not have a 
lateral co-operation role during R8 specification. The Egfr signalling therefore 
probably occurs after one cell within the equivalence group has been singled out as 
an R8 precursor, and may be occurring concurrently with or subsequently to the 
lateral inhibition. The role of Ed is to prevent Egfr-mediated recruitment of R8 
precursors. 
Overexpression of Egfr signalling components and R8 specification 
Conflicting results have been obtained by overexpressing Egfr signalling components 
in the eye. For example, Chen and Chien observed a decrease in the number of Ato 
expressing cells and R8 precursors when rho, Egfr or activated raf were 
overexpressed and an increase in the number of Ato positive cells when dominant 
negative Egfr or aos were overexpressed (Chen and Chien, 1999). On the other hand, 
Spencer et al. obtained the opposite results. An excessive number of R8 precursors 
were specified by overexpressing activated ras or activated Egfr, whereas ectopic 
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dominant negative Egfr or aos resulted in loss of R8 precursors (Spencer et al., 
1998). These contradicting results are probably caused by slightly different 
expression conditions affecting either the spacing Egfr function (inhibiting R8 
specification) or the R8-inducing Egfr signalling event. 
Increasing Egfr pathway activity ahead of the furrow does not cause R8 induction 
(Dominguez et al., 1998), and I could not induce R8 formation in any of my Egfr 
pathway overexpression experiments (section 4.2.3). Similarly, loss of negative 
regulators of Egfr signalling does not cause R8 twinning phenotypes. For example, in 
clones of aos null mutants there is no R8 twinning (Baonza et al., 2001; Casci et al., 
1999; Ghiglione et al., 1999; Yang and Baker, 2001). To explain these phenotypes, it 
is necessary to propose that Ed (perhaps together with lateral inhibition and Ro) is 
sufficient to quash twinning by any level of Egfr signalling within the equivalence 
group. However, it cannot quash the spacing function of the Egfr. It is significant that 
loss of one copy of the negative Egfr ligand, aos, is sufficient to greatly enhance the 
ed4 ' 2  homozygous R8 twinning phenotype, even though loss of aos function does not 
itself cause R8 twinning (section 3.4.1). This result strongly supports the hypothesis 
that Ed is sufficient to prevent twinning caused by any level of Egfr signalling. This 
hypothesis could be further tested by inducing Egfr activity anterior to the 
morphogenetic furrow in an ed mutant background; in this case R8 induction should 
occur if the hypothesis is correct. I would predict that a similar interaction with ed to 
that of aos, should be observed for the intracellular inhibitor of RTK signalling 
sprouty (spry), although possibly not for the extracellular Egfr inhibitor kekkonl 
(keki) which may be redundant with other kek genes (Casci et al., 1999; Ghiglione et 
al., 1999; Musacchio and Perrimon, 1996). Although Ed is probably very important 
for preventing Egfr-mediated R8 induction, the lateral inhibition that is also 
occurring in the R8 equivalence groups probably also plays a role. 
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Several responses to Egfr signalling within the morphogenetic furrow 
With the discovery that Egfr signalling can cause R8 twinning, three responses to 
Egfr signalling are now thought to occur in quick succession within the 
morphogenetic furrow during normal eye development: negative regulation of ato 
expression (Baonzaet al., 2001; Chen and Chien, 1999), prevention of induction of 
R8 precursor fate (this work) and induction of R2 and R5 fate (Freeman, 1996). It is 
interesting to speculate on the causes of these different responses. The same 
signalling pathway downstream of the receptor is known to mediate R cell 
recruitment and R8 spacing (Yang and Baker, 2001). The different results from 
overexpressing similar components suggest that this is also true for R8 spacing and 
R8 induction (Chen and Chien, 1999; Spencer et al., 1998). Different levels of Ras 
activity and interactions with other signalling pathways have both been shown to 
have a role in mediating the different responses to Egfr signalling in the eye (Flores 
et al., 2000; Halfar et al., 2001; Xu et al., 2000). 
The amount of pntPl expression is increased in ed mutants, suggesting that Egfr 
signalling levels are increased. This has an effect on R8 (and possibly also R2 and 
R5) induction, but not on R8 spacing. This implies that the spacing response is less 
sensitive to increases in the levels of Egfr signalling than the other two responses. 
Alternatively, Ed might function in parallel to the Egfr signalling pathway to alter the 
effects of phosphorylated MAPK activity. 
Differences in the ligand obviously account for some of the changes in response 
(spitz for R2/5 recruitment but not for R8 induction or spacing). The increases in R8 
twinning that I observed in spi null clones in sca and ro mutant backgrounds may 
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indicate that there is competition for ligand binding sites, and that levels of one 
ligand can influence the amount of Egfr signalling mediated by a second ligand. 
4.4.2 echinoid, scabrous and rough: more than one cause of 
R8 twinning 
ed, sca and ro mutations all have slightly different eye phenotypes. In ed mutants, 
only equivalence group resolution is altered (this work). Null sca alleles have an R8 
spacing phenotype, as well as incomplete resolution of the R8 equivalence group 
(Baker et al., 1990; Ellis et al., 1994). In eye discs with no functional Ro protein, 
equivalence group resolution is incomplete and ato is ectopically expressed between 
the intermediate groups (Dokucu et al., 1996). Some equivalence group resolution 
occurs in all three genotypes. Moreover, my data indicates that R8 twinning has 
different causes in each of them (sections 3.4.1 and 4.2.2). Given that Sea probably 
acts with N, this suggests that the Notch and Egfr signalling pathways are capable of 
acting antagonistically during equivalence group resolution. Reducing lateral 
inhibition (in sca mutants) or increasing Egfr signalling (in ed mutants) can both 
cause R8 twinning. Furthermore, levels of R8 twinning in both sca and ed mutants 
can be altered by slightly changing the amount of Egfr or Notch pathway signalling 
(section 4.2. 1) (Baker and Zitron, 1995). 
Overexpression of ed cannot prevent R8 specification (section 3.3.1). This is 
surprising, as overexpression of ed can prevent the selection of macrochaetae SOPs 
(section 3.3.2). If Ed is only required after an R8 precursor has been singled out that 
difference is explained. In other words, the R8 singling out process itself is not 
susceptible to Egfr signalling. Similarly, overexpression of sca can cause an R8 
spacing defect but cannot prevent R8 specification (Ellis et al., 1994). Perhaps the 
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spacing function of Sca is required for the positioning of the intermediate clusters but 
Sca is not involved in the choice of which equivalence group cell actually becomes 
the R8 precursor. That is, Sea is perhaps only required in the equivalence group after 
the R8 precursor has begun to differentiate, presumably for lateral inhibition. Using a 
heat shock inducible construct to overexpress ro can prevent the initiation of ato 
expression, but has no effect on the equivalence groups or single R8 precursors -that 
are already expressing high levels of Ato protein (Dokucu et al., 1996). (It is 
important to remember that inhibition of Notch signalling using a temperature 
sensitive allele can cause both misspacing of and the selection of too many R8 
precursors, and that this overproduction of R8 precursors is reversible. Moreover, 
overexpression of N"" can inhibit ato expression at any stage of R8 selection, even 
after R8 singling out (Baker et al., 1996)). Perhaps Ro can only repress ato in a cell 
that is already beginning to downregulate ato expression. 
My model for Egfr mediated R8 fate induction and the roles of ed, sca and ro can be 
summarised as follows. After one of the equivalence group cells has been selected as 
the R8 precursor, it signals back to the others via the Notch pathway and Sea (lateral 
inhibition) and the Egfr pathway (R8 induction). In the wildtype situation, Ed and Ro 
are required to suppress the Egfr-mediated R8 recruitment (either by changing the 
strength or the outcome of the signal), and only one R8 precursor develops per 
ommatidium (figure 4.4.1). If the balance of ato activation/repression is shifted 
towards activation, by changing the levels of the signalling pathways or relevant 









Figure 4.4.1 Echinoid and Rough work in concert with lateral inhibition (Notch 
and Scabrous) to repress Egfr-mediated R8 recruitment 
One of the equivalence group cells is fated as the R8 precursor, and becomes 
insensitive to Notch signalling (independently of Sca, Ed or Ro function). The R8 
precursor starts to accumulate more Ato and to express Sca more strongly. N/Sca are 
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required for ato repression in the other cells of the equivalence group. At the same 
time, the selected R8 precursor is expressing an Egfr ligand (or possibly all the 
equivalence group cells are expressing an Egfr ligand for the R8 spacing function of 
the Egfr), and this could potentially activate ato transcription in the neighbouring 
cells. Thus in the wildtype equivalence groups, at the same time as lateral inhibition 
is occurring, there is a potentially antagonistic Egfr-mediated signal. However, Ed 
can suppress this Egfr signal, and the balance is tipped entirely in favour of Notch 
pathway-mediated lateral inhibition (figure 4.4.2 A). In ed mutants, the level of Egfr 
signalling is increased, the balance is tipped in favour of recruitment and an 
additional R8 is sometimes selected (figure 4.4.2 B). When Egfr signalling is 
removed in the ed mutant background, lateral inhibition is still intact so only one R8 
precursor develops (figure 4.4.2 B). Conversely, in sea mutants, lateral inhibition is 
impaired, leading to the selection of more than one R8 precursor, but Ed is still 
functional and removing Egfr signalling in this background cannot prevent R8 
twinning (figure 4.4.2 Q. The roles of Sea and Ed are to modulate the different 
signalling events that occur within the equivalence group. 
The role of Ro is slightly different. Ro can repress ato transcription when low levels 
of Ato are present (Dokucu et al., 1996). Ro and Ato proteins can never be detected 
in the same cell (Dokucu et al., 1996). The function of Ro may be to repress ato 
transcription in the equivalence group cells which have not become fated as the R8 
precursor, but it can only do this when the levels of Ato are already beginning to fall 
due to the actions of N/ScalEd. Levels of twinning are lower in ro mutants than the 
other two genotypes (table 3.4.2). This is consistent with Ro acting to reinforce the 
actions of N/ScalEd. It is interesting to note that ro is transcribed in response to Egfr 
signalling and is only expressed in the eye (Dominguez et al., 1998; Kimmel et al., 
167 
F-fr Sii11,111 ini (I U611L CC]LIi\ atcncc 	r(up le't1LII.it)fl 
1990). Perhaps Ro protein is necessary here as feedback control on the Egfr 
signalling. 
One intriguing question is why these extra layers of control (Ro and Ed) are needed 
during R8 equivalence group resolution but are apparently not necessary (or doing 
something different) in the other PNCs. If my hypothesis is correct and the function 
of Ed and Ro in the equivalence groups is to repress Egfr signalling, the question 
then becomes: why has the Egfr signalling event itself not been lost over the course 
of evolution? Egfr signalling is very important in the morphogenetic furrow for the 
spacing of the R8 precursors. Egfr-mediated R8 twinning could be a consequence of 
the spacing role of the Egfr, and rather than the Egfr signalling event being lost, 
mechanisms have evolved to protect some of the cells from unwanted consequences. 
Alternatively, activation of the Egfr signalling pathway in the selected neural 
precursor to cause sense organ clustering could be a conserved function of Ato. rho, 
which is necessary to activate the Egfr ligand Spi, is expressed in the R8 cells and the 
ch organ SOPs (Baonza et al., 2001; zur Lage et al., 1997; zur Lage and Jarman, 
1999). It will be interesting to see, in the fullness of time, if rho expression is directly 
activated by Ato. 
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Figure 4.4.2 Model of the signalling events that occur during lateral 
specification of the R8 precursor in different mutant backgrounds 
(A-D) The cell on the left has been singled out as the R8 precursor. The cell on the right is 
one of the other equivalence group cells. (A) Wildtype. Lateral inhibition and Egfr signalling 
both occur, but the Egfr signalling is masked by Ed (and Ro) and only one R8 precursor is 
specified. (B) echinoid mutant. Egfr signalling is now greatly increased, and more than one 
R8 precursor is frequently specified. Lateral inhibition is unaffected, so when the Egfr signal 
is removed only one R8 precursor develops. (C) scabrous mutant. Lateral inhibition is 
impaired, so more than one R8 precursor can develop. In the absence of the Egfr signal, 
twinned R8 precursors can still form because of the effects on lateral inhibition. (D) rough 
mutant. The Egfr signalling may be slightly increased, but the absence of Ro also prevents 
the correct inhibition of ato expression in some cells. In the absence of the Egfr signalling, 
the R8 precursors are all single, because Ro is only needed to combat the Egfr-mediated 
activation of ato. 
The Egfr null clones were difficult to interpret. This was partly because of their small 
size, but also because ato resolution was delayed and by the time single R8 
precursors had been selected they were beginning to die and so were not expressing 
Sens strongly. To confirm the importance of Egfr signalling as a cause of R8 
twinning, it would be useful to repeat the experiments using Egfr clones in R8 
twinning backgrounds, but also to express a cell death inhibitor such as GMRp35. 
This should result in larger clones, which would express the R8 markers better and 
thus should be easier to analyse (Baonza et al., 2001). Similarly, removing the Egfr 
ligand responsible for R8 induction in clones in the different genetic backgrounds 
would be a useful experiment. These clones would probably still be defective for R8 
spacing, and possibly also R8 survival, but would not have a growth defect and so 
should also be slightly easier to analyse. These experiments would be useful to 
confirm the results I have already obtained. However, my model predicts that Notch 
and Egfr signalling are operating antagonistically in the R8 twinning mutants. In a 
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sca mutant, R8 twinning should therefore be suppressed by the Egfr clones. This 
could be tested if larger scaEgfr clones were obtained. 
If lateral inhibition, Ed and Ro are indeed working independently but to joint effect, 
then overexpressing sca in an ed mutant background should suppress R8 twinning 
(but not vice versa, as there is sufficient Ed in the sca mutant). If the role of Ro is to 
repress ato transcription as the levels of Ato protein are beginning to fall, then 
overexpressing ro together with sca may have an effect on Ato resolution. It would 
probably cause the singling out of an R8 to occur somewhat more quickly, rather 
than preventing the specification of an R8. 
The basis of R8 twinning in ato'0968 has not been investigated. White and Jarman 
suggested that it may be caused by unknown signalling pathway(s) acting 
downstream of Ato (White and Jarman, 2000). Ato probably activates sca 
transcription directly (Jarman et al., 1995), so a decrease in lateral inhibition is 
unlikely to be occurring when ato is overexpressed. It is possible that the additional 
ato in the R8 precursor is causing overactivation of the Egfr signalling pathway, 
which in turn mediates the R8 twinning. However, simply overactivating Egfr 
signalling in the R8 precursor cannot cause R8 twinning (section 4.2.3). Perhaps Ato 
can modulate the Egfr ligand that the R8 precursor produces. Other possibilities are 
that Ato induces the expression of another molecule which can promote Egfr 
signalling or inhibit the activity of Ed, or that Ato can repress Ed transcription 
directly. It would be useful to determine whether the R8 twinning phenotype of 
ato'°68 can be rescued by the removal of Egfr signalling. Levels of pntPl , rho and 
ed mRNA could all be examined in ato'°968 and ato'. If Ato can modulate the Egfr 
pathway signalling events in order to promote R8 induction, then overexpressing ato 
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and pntPl together using 109-68Ga14 should have a greater effect than 
overexpressing either alone. 
My hypothesis is that the function of Ed and Ro in the R8 equivalence group is to 
prevent Egfr-mediated local recruitment of additional R8 precursors. The femoral ch 
organ (fcho) relies on Egfr-mediated local recruitment of SOPs from a long-lived 
PNC to produce the number of SON required (zur Lage and Jarman, 1999). 
Significantly, ro is not expressed here. Moreover, ed mRNA can only be detected at 
a very low level, and preliminary observations suggest that the fcho is unaffected in 
ed mutants (data not shown). It would be particularly interesting to overexpress ed 
and ro, both in the Rho PNC using scaGal4 and in the developing SON using 
neuralizedGai4. Ectopically expressing ro in the fcho PNC may be able to prevent 
these cells from being recruited as additional SOPs. However, overexpressing ro in 
the eye disc can only have an effect in the cells that are expressing very low levels of 
ato, so nothing may be seen. Overexpressing ed in either the PNC or the developing 
SON may prevent the recruitment of additional SOPs. My experiments indicate that 
Ed may bind homotypically, so it may be necessary to overexpress it in both the PNC 





5.1 The function of Echinoid 
The Ed protein is a member of the immunoglobulin superfamily of cell adhesion 
molecules (IgCAMs) and is most similar to the Li family of IgCAM5 (Li CAMs) 
(Bai et al., 2001). These proteins are found across the animal kingdom, and have 
been well-studied in vitro because they are human disease genes. Li molecules share 
a basic structural plan of six Ig domains, followed by five fibronectin type III (FN 
III) domains, a transmembrane segment and a short cytoplasmic domain. Li-CAMs 
are predominantly expressed in the nervous system, where they are known to be 
involved in various aspects of cell differentiation. These include neurite outgrowth, 
myelination and axon pathfinding. However, a murine Li homologue has been 
identified in the renal epithelium and shown to be important for normal branching 
morphogenesis there (Debiec et al., 1998), and Li proteins have also been reported 
to be expressed in the intestinal tract (Kujat et al., 1995). There are no recorded roles 
for Li molecules in cell fate determination (Hortsch, 1996; Kamiguchi and Lemmon, 
2000). The extracellular domains of Li family proteins are thought to bind 
specifically to a variety of molecules both in trans and in cis, including Li itself, 
other IgSF proteins, integrins and extracellular matrix components. The precise 
nature and biological relevance of many of these interactions have yet to be 
determined. However, recent work suggests that many interactions may require Li 
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multimerisation in cis via its FN III domains and that Li proteins can activate 
integrin signalling by binding to integrins in cis (Brummendorf and Lemmon, 2001; 
Silletti et al., 2000). Li proteins have perhaps been best studied during neurite 
outgrowth in tissue culture systems, where homophilic binding in trans is thought to 
be important for MAPK activation (Kamiguchi and Lemmon, 2000; Schaefer et al., 
1999; Williams et al., 1994). It is not yet clear whether Li binds in cis to, and 
activates, the FGF receptor, or whether it can activate the MAPK directly. Recent 
evidence suggests that Li may be internalised and physically interact with Raf and 
the MAPK (Long et al., 2001; Schaefer et al., 1999). 
It is clearly useful to draw parallels between Ed and the Li CAMs. However, it is 
important to remember that Ed is somewhat different to the Li proteins. The Ig 
domains of Ed are most similar to the Li family Ig domains, but Ed has six Ig 
domains and one FN III domain (compared to six and five respectively in the Li 
family). Moreover, Ed has a longer cytoplasmic region than the Li family generally, 
and this does not contain any of the conserved cytoskeletal binding motifs (Bai et al., 
2001; Hortsch et al., 1998; Hortsch et al., 1995). Ed has roles in cell fate 
determination; these have not been identified for Li family proteins (Bai et al., 2001) 
(this work). In spite of these differences, Ed is structurally very similar to the Li 
family (Bai et al., 2001). It also appears to behave similarly to the Li family as it 
may interact with the Egfr signalling pathway (Bai et al., 2001) (this work), and may 
bind homotypically in trans (Bai et al., 2001) (this work). Furthermore, this work 
suggests that Ed has several roles during fly development and that these are mediated 
differently. This is consistent with data which suggest that Li family proteins can 
interact with a network of different signalling and adhesion molecules 
(Brummendorf and Lemmon, 2001). Comparisons with the data about the Li family 
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can therefore be used to assess the possible mechanisms of action of Ed and to aid 
the design of future experiments. Perhaps the most important question which still 
remains to answered is whether Ed functions only as a CAM or is involved in cell 
signalling (by either transducing intercellular signals directly or modulating 
signalling pathways). My work indicates that Ed may have several different 
functions, and it must be noted that Ed may act in several different ways. - - - 
5.1.1 Does Echinoid behave as a cell adhesion molecule? 
Epithelial integrity 
The additional macrochaetae SOPs and R8 precursors observed in ed alleles could 
arise because ed mutants affect cell contacts that are important in epithelial integrity 
or cell delamination. There are several arguments against this hypothesis. The 
microchaetae SOPs do not delaminate from the epithelium; instead, the neuron 
delaminates after the final division of the SOP (Hartenstein et al., 1994). This is also 
likely to be true for the macrochaetae SOPs. The role of Ed is therefore unlikely to be 
in mediating delamination. Mutations in the IgSF molecule irregular chiasm-C-
roughest (irreC-rst) have been shown to affect cell contacts, both in the pupal eye 
and on the third antennal segment (Reiter et al., 1996; Venugopala Reddy et al., 
1999). On the third antennal segment, irreC-rst mutants affect the delamination of 
the founder cell (FC) from the proneural domain. However, in these mutants 
additional FCs are not selected; the only phenotype is misplaced sense organs 
(Venugopala Reddy et al., 1999). Furthermore, shotgun, which encodes Drosophila 
E-cadherin, must be downregulated in delaminating cells, but mutations have the 
correct number of embryonic chordotonal organs (Tepass et al., 1996). The IgSF 
molecule Sidekick is required during ommatidial development to prevent the mystery 
175 
Discussion 
cells from becoming specified as R cells (Nguyen et al., 1997). It appears to be 
involved only in the maintenance of the correct cell contacts and, unlike ed mutants, 
sidekick alleles do not interact with Egfr pathway mutations (Nguyen et al., 1997). In 
summary, delamination of SOPs is not important for the specification of all sense 
organs, and ed mutants do not resemble or behave like mutations that affect cell 
contacts. It therefore seems very unlikely that Ed is important for epithelial 
maintenance within the proneural domains. 
The importance of cell contacts in intercellular signalling 
Correct cell contacts are important for intercellular signalling. Many of the molecules 
that are required for intercellular signalling are located at adherens junctions, such as 
Dl, N and Bigbrain (Bib) which are all involved in Notch pathway signalling (Baker 
and Yu, 1998; Doherty et al., 1997). Ed could be important for the structure of the 
adherens junctions, or for the localisation of signalling molecules to these junctions. 
To address these issues, it would be useful to examine the cell contacts in ed mutants. 
This could be done by examining phalloidin or Armadillo stained imaginal discs. It 
would also be useful to know the subcellular distribution of Ed protein. Antibody 
staining has shown that Ed is localised to the cell membrane at the cellular 
blastoderm stage of embryogenesis (Bai et al., 2001). However, this antibody does 
not work at other stages of development, and to determine the subcellular distribution 
of Ed it will be necessary to raise additional antibodies or to tag the protein. 
Lipid rafts form distinct microenvironments of the plasma membrane that contain 
specific membrane-associated proteins. These have been shown to be important for 
signal transduction. In the case of receptor tyrosine kinase signalling, it is well 
established that adapters and enzymes are recruited to the cytoplasmic face of the 
plasma membrane on ligand activation. Lipid rafts are considered to be regions 
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where individual receptors are clustered after ligand binding so that these signalling 
complexes form together, and are possibly also protected from membrane 
phosphotases. Lipid rafts are thought to aggregate during cell signalling, and for this 
reason a small change in the partitioning of a signalling molecule into rafts can have 
drastic consequences for signal transduction (Galbiati et al., 2001; Simons and 
Toomre, 2000). Various IgCAMs are GPI-linked and have been shown to be 
localised to lipid rafts (Kamiguchi and Lemmon, 2000). These molecules can interact 
with Li family proteins, which are often palmitoylated (palmitoylation can target a 
protein to lipid rafts) (Kramer et al., 1999; Little et al., 1998; Ren and Bennett, 
1998). The reason for lipid raft targeting of the Li molecules is not known. It could 
be to facilitate cis interactions with other CAMs and cell signalling molecules 
(Kamiguchi and Lemmon, 2000). If Ed is localised to specific membrane domains, 
this would be seen using antibody labelling. It would then be interesting to know 
whether Ed was localised to the same domains as Egfr pathway proteins, or whether 
the presence of Ed at lipid rafts was for its own internalisation or regulation. 
5.1.2 Does Echinoid affect intercellular signalling events 
directly? 
Does Echinoid itself transduce intercellular signals? 
If a protein is transmitting a signal from the extracellular environment to the interior 
of a cell, then its intracellular domain should be capable of mediating the activities of 
the protein. Overexpression of a membrane-localised intracellular domain of a 
protein should therefore result in the same phenotypes as overexpression of the full-
length protein, if that protein can transduce cell signals. This has been used as a test 
for whether a protein is involved in transducing intercellular signals (Artero et al., 
2001; Lieber et al., 1993). Overexpression of the extracellular domain of Echinoid 
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cannot produce the same phenotypes as the full-length protein (Bai et al., 2001). This 
implies that the intracellular domain of Ed is crucial for its function, and therefore 
that Ed is involved in transducing a signal. However, this negative evidence is not 
conclusive. The extracellular domain of Ed may not be stable or properly membrane-
localised in the absence of the intracellular domain. To determine whether Ed can 
actually transduce a signal, the intracellular domain of the protein needs to be 
overexpressed alone. 
It is worth noting here that there is some evidence that the Li CAMs are capable of 
activating the MAPK pathway independently of the FGF receptor. This requires 
internalisation of Li via clathrin-mediated endocytosis, and both Raf 1 and Erk2 can 
be co-immunoprecipitated with Li from tissue culture cells (Schaefer et al., 1999; 
Williams et al., 1994). If Ed can transduce intercellular signals, a similar mechanism 
could account for the negative regulation of the Egfr signalling pathway by Ed. The 
hypothesis that Ed may interact with the Egfr pathway downstream of the Egfr itself 
is supported by the anterior shift in the morphogenetic furrow in ed clones (Raf but 
not the Egfr has been postulated to activate ato expression downstream of the Hh 
signal (Greenwood and Struhl, 1999)). The fact that R8 twinning in ed mutants is 
mediated by an effect on the Egfr signalling pathway but ed mutants cannot affect R8 
spacing, which is mediated by the same pathway, implies that Ed can only affect 
some of the downstream targets of Egfr signalling. This may also support the idea 
that Ed feeds into the Egfr pathway downstream of the Egfr itself, or alternatively 
that the R8 spacing role and the R8 recruitment role of the Egfr pathway have 
different sensitivities to the level of signal being transmitted. 
If Ed does inhibit Egfr signalling through an interaction with the MAPK pathway, it 
may also regulate signalling through other RTKs. This could be tested using genetic 
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interactions. However, the effects of Ed on the Egfr pathway appear to be quite 
specific to particular time and place, and it may not interact with other RTKs at all. It 
would be worthwhile to observe the subcellular distribution of Ed protein and 
determine whether it can be internalised; and possibly to follow this up by examining 
protein distribution when endocytosis is blocked (for example, using a temperature 
sensitive shibire mutant). 
Does Echinoid affect cell signalling events in other ways? 
The role of Ed may be in the modulation of other signalling pathways, rather than in 
the direct transduction of an intercellular signal itself. There are many different ways 
this could occur. Ed could bind directly to transmembrane receptors in cis, such as 
Keki which appears to bind to the Egfr and possibly prevents ligand binding or 
receptor dimerisation (Ghiglione et al., 1999). Li family proteins can often form 
heterotypic interactions in cis (Kamiguchi and Lemmon, 2000); indeed, this is how 
they are thought to activate integrin receptors (Brummendorf and Lemmon, 2001; 
Silletti et al., 2000). 
There are many ways in which Ed could have an effect on signal transduction. 
Briefly, Ed could act as a protein scaffold in which several proteins are brought 
together, or it may specifically recruit phosphotases to a protein complex. Ed may be 
involved in the endocytosis of signalling complexes (as sly could be (Wong et al., 
2001)), in the trafficking of pathway molecules (perhaps by mediating cytoskeletal 
changes in a similar way to the Li family (Hortsch, 1996)) or in the degradation of 
specific molecules. These ideas could be tested by looking for genetic interactions 
with mutations in genes involved in endocytosis or the endosome, for example. 
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5.2 Approaches to investigating Echinoid 
protein function 
Based on the available evidence, Ed could function in almost any of the ways 
outlined in the previous sections. Indeed, the strikingly different genetic interactions 
of the different phenotypes in ed mutants suggest that Ed may be a multi-functional 
protein. Differential expression of binding partners or modulators may explain the 
apparently different functions of Ed in different regions. This is especially apparent 
because Ed only appears to be modulating Egfr signalling during one of its many 
different functions throughout development. In the previous sections I have 
suggested some genetic experiments in order to address the exact functions of Ed 
protein. As a complement to those it would be particularly useful to know which 
proteins Ed can interact with, and whether/how these differ between different tissues. 
Binding partners for the intracellular domain could be identified using a yeast-2 
hybrid screen or co-immunoprecipitations from larval extracts. For example, a yeast 
2-hybrid assay has recently been used to identify a novel intracellular binding partner 
for the Li protein Neurofascin (Brummendorf and Lemmon, 2001; Koroll et al., 
2001). Co-immunoprecipitation experiments would probably be more appropriate to 
identify proteins that bind to the extracellular domain, as there is no way of knowing 
whether the extracellular domain of Ed would fold correctly within the yeast cells. 
Once protein complexes have been identified, their tissue specificity could be 
analysed by repeating the immunoprecipitations with certain discs only, and/or by 
antibody staining. A combination of biochemical and genetic experiments would 
then be needed in order to elucidate the function of any protein-protein interactions 




This thesis has thoroughly investigated the roles of ed during neurogenesis, and 
established its importance for other aspects of development. ed has been shown to 
function in repressing the activity of the Egfr signalling pathway in the eye. 
Moreover, evidence has been provided to demonstrate that it may bind 
homotypically during this process. The exact function of ed in the macrochaetae 
PNCs has so far been elusive. However, it is clear that ed functions somewhat 
differently here, compared to the eye, and may be much more intimately connected 
to the Notch intercellular signalling pathway. 
The Egfr signalling pathway has been shown to be important during the resolution of 
equivalence groups in two different places during Drosophila development; the 
specification of the embryonic muscle precursor founder cells and the adult 
macrochaetae proneural clusters on the thorax (Carmena et al., 1998; Culi et al., 
2001). My analysis of ed has demonstrated that Egfr signalling is also involved in 
equivalence group resolution during Drosophila eye development. Hence, this work 
has provided a further example of the involvement of Egfr signalling during 
equivalence group resolution, studies on other systems determine if this emerging 
trend is generally true. 
This thesis has established the role of ed in a developmental genetic context. Great 
strides are being made in understanding cell signalling and signal transduction in a 
cell biological context, and future studies on ed stand poised to contribute to this. 
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Materials and Methods 
6.1 Molecular biology 
6.1.1 Solutions and reagents 
All reagents used to prepare solutions were from Sigma, BDH or Fisher. Restriction 
enzymes were purchased from Roche. 
6.1.2 Preparation of genomic DNA from adult flies 
Genomic DNA was prepared from 25 flies which were placed in an eppendorf and 
frozen at —20°C. The frozen flies were homogenised with a pellet mixer (Treff) in 
100t1 of lysis buffer (100mM Tris-HC1 pH9, 100mM EDTA pH8, 1% SDS) and 
then incubated at 70°C for 30 minutes. 75tl 8M cold potassium acetate was added, 
and the tube was mixed and incubated on ice for 20 minutes. The tube was spun in a 
microfuge at full speed for 20 minutes at 4°C, and the supernatant removed to a new 
tube. Centrifugation was repeated to obtain a clear supernatant. 0.9 volumes of cold 
isopropanol was added, and the tube was mixed and then spun for 15 minutes at 
maximum speed. The pellet was washed with 70% ethanol, air-dried and 
resuspended in 25R'  lx TE (10mM Tris-HC1, 1mM EDTA, adjusted to pH8). The 
DNA was further purified by a phenol/chloroform extraction, followed by a 
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chloroform extraction to remove the phenol (phenol: chloroform: isoamyl alcohol 
25:24:1, Sigma). The DNA was then precipitated at —20°C overnight using sodium 
acetate and ethanol. The next day, the tube was centrifuged at full speed for 15 
minutes. The pellet was washed with 70% ethanol, air-dried and resuspended in 50j.tl 
TE. 
6.1.3 Preparation of plasmid DNA 
Minipreps of plasmid DNA were performed using a Qaiprep spin mini prep kit 
(Qaigen) according to the manufacturer's instructions. 
6.1.4 Separation of DNA or RNA fragments by gel 
electrophoresis 
DNA and RNA were analysed using standard agarose gel electrophoresis. Typically, 
0.8% agarose in 1xTAE (20x TAE: Tris base, 96.8g, Glacial acetic acid 22.8m1, 
0.5M EDTA pH8.0, 40m1, made up to ilitre with H 20) gels containing 0.5.tg/ml 
EtBr solutions were prepared. Before loading, DNA was mixed with standard 1/6 
volume FDE mix (150g/l ficoll 400; 2.5g/l bromophenol blue). Gels were run at 80V 
for 30 minutes to ihour. 
6.1.5 PCR 
Standard conditions for a 50p.l PCR reaction were 2tl template DNA (obtained from 
genomic DNA preparation of 25 flies resuspended to 0.5 flies/j.tl), 5.tl PCR buffer 
containing 15mM MgCl2 (Roche), 0.2mM Ultrapure dNTPs (Amersham, made up to 
manufacturer's instructions), 50 pmol each forward and reverse primers, 2.5 Units 
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Taq polymerase (Roche). Negative controls (without DNA) were performed in 
parallel for each primer set, and appropriate positive controls with a reliable primer 
set were used each time. 
The standard PCR programme used was a 94°C hot start before 30 cycles of melting 
at 94°C for 30 seconds, annealing at 55°C for 30 seconds and elongation at 72°C for 
2 minutes. A final elongation step at 72°C was carried out for 10 minutes. The 
temperature was adjusted in 5°C increments as appropriate for each primer set. When 
amplifying products for sequencing, TaqPlus Long (Stratagene) was used with High 
Salt Buffer (Stratagene). A personal thermal cycler was used for all reactions, and 
the lid temperature was set to 100°C. 
Primers used to amplify and sequence echinoid 
E2-5 GTr GTT CU CU CGT TTF CGC 
E2-3 GCA TAT AGT CGT TGC TGC TCT CC 
E3-5 GCA CTC GTA GCT CTG AGT ICC 
E3-3 TAG CCG GAA CTC AAC TGC AC 
E4-5 AGA CTC GAC TilT CAA CCG GAG C 
E4-3 ATG GTG GGA TCG GGG GAA CC 
ES-S CU GGT ATC GCG AGG GilT CG 
E5-3 TAA CAT TCA ATG TGG CAG TGG C 
E6-5 TTA CCC CCG AGT CGA GGT TGG 
E6-3 CTG CGT CCG TGT AAT CGC CGC 
E7-5 TTG GCA GGC CGT ATA TAG CGG 
E8-3 GCT GAT CGA CTC GCT iTT TGG G 
E9-5 TAG AU CAC CAT ATC ACG ACG 
E9-3 TCG TAA CAT 11TA GTG CTC GTC C 
Ed6F1 (internal) ACA GTG ACC AliT CGC TGC 
Ed6F2 (internal) CCA TTG TCC TGG AGA TCC 
Ed6F3 (internal) CCT CCG ATG GTC ACT ACG 
Ed6F4 (internal) GGT CAA GGC TCT GAA TCC 
Ed6R1 (internal) GCA GCG AAT GGC CAC TGT 
Ed6R2 (internal) GGA TCT CCA GGA CAA TGG 
Ed6R3 (internal) CGT AGT GAC CAT CGG AGG 
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Ed6R4 (internal) GGA YFC AGA GCC TTG ACC 
Primers used to amplify E(spl)m8 
3>5 GGC GGA TCC TFG m TTA CCA GGG GC 
5>3 CGG GAA rrc CCG TCC TAC GAA GTF GC 
6.1.6 Restriction digests 
Restriction endonucleases were purchased from Roche and used according to the 
manufacturer's instructions. Typically, to linearise plasmid DNA approximately 3 
Units of enzyme were used per g of DNA and incubated in the appropriate buffer 
for 2 hours at 37°C. 
6.1.7 Ligations 
T4 DNA ligase (NEB) was used according to the manufacturer's instructions. 
6.1.8 Transformations and bacterial culture growth 
Competent cells used for transformation were prepared using a simple, rapid CaC1 2 
procedure by David Prentice. For transformation, Sng of plasmid DNA in 15.tl 
distilled water was mixed into lSOjtl competent cells, which were left on ice for 20 
minutes. Cells were heatshocked at 42°C for 2 minutes for DNA uptake, then 
allowed to recover on ice for a further 2 minutes and then added to imi of LB broth 
(lOg Difco Bacto-tryptone, 5g Difco Bacto-yeast extract, 5g Sodium Chloride per 
litre, adjusted to pH7.2) and incubated with gentle shaking at 37°C for 30 minutes. 
The cells (a maximum of 200tIJp1ate) were then spread onto LB plates containing 
appropriate antibiotic, and were incubated at 37°C overnight. For blue/white 
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selection, 100fl 100mM IPTG and 20.tl 50mg/mi X-gal were added to agar plates 
before the cells. 
Single colonies were picked using a sterile loop, and grown up overnight at 37°C in 
lOmi of LB with antibiotic. 
6.1.9 Synthesis of Digoxygenin (DIG)-labelled RNA probes 
All RNA work was performed using solutions which were treated with DEPC 
(Sigma) to 0.1% for 2 hours and then autoclaved. 
DIG-labelled RNA probes were in vitro transcribed using an RNA DIG labelling kit 
(Roche) according to the manufacturer's instructions. 1tg of linearised plasmid 
DNA (cleaned by a phenol/chloroform extraction and then a chloroform extraction, 
followed by a sodium acetate/ethanol precipitation and resuspended in lx TE), 
containing the appropriate insert, was used as a template for transcription by T3 or 
T7 RNA polymerase in the presence of 20 Units of Rnasin RNAase inhibitor 
(Promega). The reaction was performed at 37°C for 2 hours. The resulting DIG-
labelled RNA was then precipitated using 62.5pA ice-cold 100% ethanol and 1 .25j.tl 
4M LiCl at —20°C overnight. It was centrifuged at 4°C at maximum speed for 15 
minutes, and the pellet was resuspended in 50tl DEPC-treated distilled H 20. The 
DIG-labelled RNA probe was then stored as aliquotes at —80°C until use. 
Constructs for the transcription of DIG-labelled RNA probes were obtained from 
Ethan Bier (pBSrhomboid) and Christian Klaembt (pBSpointed). 
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6.1.10 DNA Sequencing 
PCR products for sequencing were purified using a GFX PCR DNA and gel band 
purification kit (Amersham) according to the manufacturer's instructions. DNA was 
eluted in distilled water, and the concentration estimated by gel electrophoresis and 
comparing with known molecular weight markers (hyperladder lilY, Bioline). The 
sequencing reaction was performed using a Big Dye sequencing kit (Perkin Elmer 
Applied Biosystems), according to the manufacturer's instructions, in a 10t1 reaction 
containing reaction mix, 1.6pmols of primer and 10-20ng of template DNA. PCR 
products were always sequenced on both strands. 
Cycle conditions were 31 cycles of melting at 92°C for 30 seconds, annealing at 
55°C for 30 seconds and elongation at 72°C for 2 minutes. Sequencing reactions 
were then precipitated using 1.x1 3M sodium acetate and 25tl 100% ethanol at 4°C 
for 20 minutes. The tubes were centrifuged at maximum speed for 15 minutes at 4°C. 
Pellets were washed with 70% ethanol and allowed to air-dry. Sequencing reactions 
were analysed on an AB1377 sequencer at ICAPB, University of Edinburgh. The 
sequence was analysed using Gene Jockey II (P.L. Taylor, Biosoft, UK). 
6.2 Immunohistochemical procedures and 
microscopy 
6.2.1 Fixation of embryos and imaginal discs 
Embryos were collected for fixation on grape juice agar plates and pipetted into a 
sieve. The embryos were then dechorionated in 50% bleach for 3-5 minutes, rinsed 
with water and transferred to a prepared scintillation vial containing a 1:1 mix of 4% 
formaldehyde in PBS (8g NaCl, 0.2g KC1, 1.44g Na 2HPO4 , 0.24g KH2PO4 for ilitre, 
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adjusted to pH7.4) and heptane (Sigma). Embryos were fixed, with shaking, for 20 
minutes and the formaldehyde replaced with two volumes of methanol, for 
devitellinisation. The vial was shaken vigorously for 30 seconds and left to stand. 
Embryos which fell to the bottom of the vial were transferred to an eppendorf and 
rinsed quickly with methanol, to remove residual heptane. For immunohistochemical 
techniques, embryos were transferred to PBTx (PBS plus 0.3% Triton X-100,-Sigma) 
and used directly. In the case of in situ hybridisation to mRNA, the embryos were 
stored in ethanol at —20°C until required. 
Larvae for fixation were dissected at room temperature in Grace's insect medium 
(Sigma) and the imaginal discs were not removed from the carcasses. For 
immunohistochemical techniques they were then fixed for 15 minutes in 4% 
formaldehyde in lx PEMS (0.2M pipes, 4mM MgSO4, 2mM EDTA pH8, adjusted 
to pH6.9). The fixative was removed, and the larvae were rinsed in PBTx then 
washed 3 times for 15 minutes with PBTx and used immediately. 
If larvae were to be used for mRNA in situ hybridisation, they were fixed for ihour 
in 4% formaldehyde in PBS. The larvae were then rinsed in PBS, washed 3 times for 
15 minutes in PBS and then put through an ethanol series to dehydrate them for 
storage in 100% ethanol at —20°C. 
6.2.2 in situ hybridisation to mRNA in whole mount tissues 
For in situ hybridisation to mRNA in whole mount tissues the protocol of Tautz and 
Pfeifle was used with modifications (Tautz and Pfeifle, 1989). DIG-labelled probes 
were prepared using the RNA DIG labelling kit (Roche, section 6.1.9) and used at a 
dilution of 1:500. 
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Embryos or imaginal discs were taken from storage in ethanol (section 6.2.1), 
rehydrated through a series of ethanol dilutions and then rinsed in PBTw (PBS plus 
0.1% Tween20, Sigma). The samples were postfixed in 4% formaldehyde in PBTw 
for 20 minutes with gentle shaking. PBTw rinses and 5 washes for 5 minutes each 
were carried out. The samples were then washed in 1:1 PBTw:hybridisation solution 
(HYBE) (50% deionised formamide, 5xSSC, 100tg/ml tRNA, 50tg/ml heparin, 
0.1% Tween20, pH6.5) for 10 minutes, followed by a wash in HYBE for a further 10 
minutes. The samples were then prehybridised for at least 2hours at 70°C on a 
heating block in HYBE solution. After prehybridisation, the probe in HYBE was 
added to the samples, which were incubated at 70°C overnight. 
The following day, the probe solution was removed and a series of washes carried 
out at 70°C: HYBE (100 minutes), 1:1 HYBE:PBTw (100 minutes), and PBTw 
(400 minutes). Following the washes, samples were incubated in 1:2000 anti-DIG 
antibody alkaline phosphatase conjugate (anti-DIG-AP, Roche) in PBTw for 2hours 
at room temperature (RT) on a rotating wheel. For lowest background, the antibody 
was preabsorbed over embryos overnight at 4°C at 1:50 and then stored at 4°C. The 
excess antibody was removed by 3 washes for 20 minutes in PBTw. Samples were 
then transferred from eppendorfs to a microtitre well dish and rinsed several times in 
reaction solution (100mM Tris, pH 9.5, 100mM NaCl, 50mM MgC1 2). A colour 
reaction was performed by adding a solution containing NBT and X-phosphate 
(4.5tl and 3.5tl respectively per ml of reaction solution) to the samples and allowing 
them to develop in the dark. The colour reaction typically took between 5 minutes 
and 2 hours to develop. 
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Once the purple colour was strong enough to be seen, the reaction was stopped by 
addition of PBTw and rinsing several times. Imaginal discs were dissected away 
from the larval carcasses, and were mounted in 80% glycerol in PBS. 
6.2.3 Immunohistochemistry 
For immunohistochemistry, embryos and imaginal discs were transferred to PBTx 
immediately after the fixation procedure (section 6.2.1). Samples were washed 3 
times for 15 minutes in PBTx and then blocked in 2% bovine serum albumin (BSA) 
solution (Sigma) in PBTx for at least 2hours at RT, with gentle shaking. Primary 
antibody was then added to the appropriate dilution, supplemented with Normal Goat 
Serum (Jackson labs) and 2% BSA, and the samples were incubated at 4°C 
overnight. Table 6.2.1 lists the antibodies used, and their concentrations. The 
following day, samples were rinsed several times and washed 3 times for 15 minutes 
in PBTx. The antibody solution was retained for future use (by addition of Sodium 
Azide to a concentration of 0.01%) and stored at 4°C. The secondary antibody was 
then added in PBTx, either an HRP or a flourochrome conjugate (Jackson labs) to a 
concentration of 1:500 or 1:1000 respectively, for a period of 2 hours at RT. Excess 
antibody was washed away by several PBTx rinses and 3 washes for 15 minutes. For 
immunofluorescence, samples were mounted (dissected first in the case of imaginal 
discs) in Vectashield mounting medium (Vector labs) and stored in the dark at 4°C. 
For HRP-conjugated antibodies, samples were transferred to a microtitre well dish in 
PBTx and then rinsed several times in PBS to remove the triton. Samples were then 
incubated in freshly prepared DAB (using DAB peroxidase substrate kit, Vector labs, 
according to the manufacturer's instructions) until the colour was clearly visible. To 
stop the DAB reaction, samples were rinsed in PBTx several times, then dissected 
and mounted in 80% glycerol in PBS. 
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Antibody Concentration Staining pattern Reference/Source 
Rabbit a Atonal 1:2000 R8 precursors (Jarman et al., 1993b) 
Guinea pig a Senseless 1:5000 All neural precursors (Noloet al., 2000) 
Mouse a Boss 1:200 R8 precursors (Hafen and Basler, 
1991) 
Mouse a Scabrous 1:200 PNCs and neural (Mlodzik et al., 1990a) 
precursors 
Mouse a Rough 1:200 Morphogenetic furrow, (Kimmel et al., 1990) 
R2, R5, R3 and R4  
Mouse a Cut 1:200 Cone cells Developmental Studies 
Hybridoma Bank, 
University of Iowa 
Mouse a Elav 1:200 Neuron nucleus As above 
Mab22c1O 1:200 Neuronal cell body and (Zipursky et al., 1984) 
processes 
Mouse a 1:200 N/A Promega 
3-galactosidase  
Rabbit a 1:10 000 N/A Cappel 
3-galactosidase __________________ 
Table 6.2.1 Primary antibodies used and their concentrations 
6.2.4 Embryonic cuticle preparations 
For cuticle preparations, embryos were collected on grape juice agar plates and 
pipetted into a sieve. The embryos were then dechorionated in 50% bleach for 3-5 
minutes, rinsed with water and transferred to a prepared scintillation vial containing 
a 1:1 mix of PBS and heptane. There the embryos with intact vitelline membranes 
float at the interphase. The embryos and heptane were transferred to an eppendorf, an 
equal volume of methanol was added and the tube was vigorously shaken to 
devitellenize the embryos. Devitellenized embryos settled to the bottom and were 
washed with methanol. Embryos were placed on a slide in a drop of methanol and 
allowed to air dry. They were then mounted in a 1:1 mix of lactic acid:Hoyer's 
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medium. Slides were weighted and placed at 65°C overnight to clear. The Hoyer's 
medium was made by adding 30g of gum arabica to 50m1 H 20 and stirring overnight. 
The next day 200g chloral hydrate and 20g glycerol were gradually added with 
stirring, and the medium was centrifuged at 25 000g for 30 minutes. 
6.2.5 Mounting wings 
Wings were cut off adult females and placed on a slide in a drop of Hoyer' s medium. 
Slides were weighted and placed at 65°C overnight. 
6.2.6 Semi-thin sectioning of adult eyes 
For semi-thin sectioning of adult eyes, adult heads were dissected away from the 
body in PBS. One of the eyes and the proboscis were then cut away. The heads were 
placed into cold 2% gluteraldehyde in 2x PBS, and an equal volume of 2% osmium 
tetroxide was added. The heads were fixed on ice for 30 minutes, washed in cold 
PBS and then incubated in 2% osmium tetroxide on ice for 1-2 hours. The tissue was 
dehydrated on ice using an ethanol series, then washed twice with 100% ethanol. 
Heads were incubated 3 times in propylene oxide for 10 minutes at room 
temperature, followed by 10 minutes in a 1:1 mixture of propylene oxide:Durcupan 
resin (Fluka). The tissue was then incubated overnight in Durcupan resin. The next 
day, the heads were mounted in resin in plastic moulds and baked overnight at 65°C. 
0.5tm sections were taken of the retina using a microtome and glass knives. These 
were mounted in DPX (Fluka) and examined under phase contrast microscopy using 
an Olympus Provis epifluorescence microscope equiped with a Photometrics Sensys 
CCD camera; images were captaptured using Quips Fish Software. 
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6.2.7 Microscopy 
Light microscopy was performed on an Olympus Provis microscope. Confocal 
images were taken on a Leica TCS-NT microscope, using Leica TCS-NT image 
capture software. Analysis (counting of R8 precursors) was performed using the 
Leica TCS-NT image capture software and counting R8 precursors in each focal 
plane. Light microscope images of adult flies were taken with a digital camera 
mounted on an Olympus dissecting microscope. 
6.2.8 Statistical methods 
The mean numbers of bristles and R8 precursors was calculated using: mean = sum 
of x1 / N (where x 1 is the value of each data point and N is the number of data points). 
The standard error of the mean was calculated using i ((sum of x 1 - mean)2 / N)! IN. 
The proportion of R8 positions with >1 R8 precursor was calculated by assuming a 
fit to a Binomial distribution with an unknown probability (p) that there would be >1 
R8 precursor per position. (R8 equivalence groups resolve independently of one 
another: so this is an independent random variable.) p can then be estimated from the 
sample as the observed number of R8 positions with >1 R8 precursor divided by the 
total number ( p = no>1 / N). The standard error is calculated as '/ (p(l-p)IN). 
6.3 Genetic procedures 
6.3.1 Drosophila strains 
Fly stocks were maintained on standard cornmeal-agar medium ('Dundee Food' 
prepared by Swann media kitchen staff) at 18°C or room temperature. Crosses to 
ato'°68 were performed at 29°C, unless otherwise stated. Temperature-sensitive 
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strains were maintained and crossed at 18°C, apart from brief temperature shifts. 
Crosses for misexpression analysis were performed in duplicate at 18°C, 25°C and 
29°C. All other crosses were performed at 25°C or room temperature, unless 
otherwise stated. Ore gonR flies were used as the wildtype strain throughout. All 
other fly stocks are listed in the appendices: 
• Stocks used for deficiency mapping are in Appendix B. 	- 
• Transposon insertions are in Appendix C. 
• Stocks used for complementation tests are in Appendix D. 
• Stocks used for generation of genetic mosaics are in Appendix E. 
• The remainder are in Appendix F. 
6.3.2 EMS mutagenesis 
For EMS mutagenesis male Ore gonR flies between 3 and 5 days old were starved for 
6 hours. They were then transferred to a bottle containing 3M Whatman paper 
soaked in an EMS/sucrose solution (1% sucrose with either 25 or 30mM EMS). The 
flies were allowed to ingest the EMS solution overnight. The next day, the flies were 
transferred to a standard food bottle and allowed to recover for 24 hours. The first 
generation of crosses was then set up. Males that had ingested the EMS were allowed 
to mate for 3 days before being discarded. 
6.3.3 Construction of genetic mosaics 
To obtain recombinant stocks with an FRT site and the mutation(s) of interest, 
heterozygous females that carried one homologue of a chromosome with an FRT site 
and the other homologue with the mutation of interest were crossed to marked males 
on food containing 0.3mg/ml G-418 Sulphate (GibcoBRL). (The FRT site contains a 
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G-418 resistance gene.) The G-418 food was made by melting Dundee Food, 
allowing it to cool to 40°C and then adding G-418 (dissolved in about 2m1 of water), 
to achieve a final concentration of 0.3mg/mi. The food was stirred thoroughly before 
being pouring into bottles and left to set. A positive control with non-resistant flies 
was used for each batch of food made. 
To generate clones in the eye discs, a flippase under the control of either eyeless 
(eyFLP) or hsp70 (hsFLP) enhancer sequences was used. ed clones and spi clones 
were made using eyFLP; the remainder were made using hsFLP. If hsFLP was used, 
eggs were collected for 12 hours. They were then heatshocked for 1 hour at 38°C at 
38-48 hours old and again at 48-60 hours old. Various heatshock regimes were 




Recombination mapping data 
aristaless (al) dumpy (dp) black (b) purple (pr) curved (c) plexus (px) speck (sp) 
21C1-2 	25A1 	34D1-3 38B4-6 	52D3-7 58E3-8 	60C1-2 




Genotype of recombinant F2 males Dominant 
rough eye? 
al dp bpr c px sp No 
I +.. dp b pr,  c px sp. Yes 
+ + b pr c px sp Yes 
+ + + pr c px sp Yes 
+ + + + c px sp Yes 
+ + + + + px sp Yes 
+ + + + + + sp Yes 
al dp b pr c px + No 
al dp b pr c + + ND 
al dp b pr + + + No 
al dp b + + + + No 
al dp + + + + + No 
r + + + + + No 
+ + + + + + + Yes 
Table 2.1 Summary of the recombination mapping data for E(ato108)1.1 
The highlighted rows mark the crucial F2 genotypes which show that the mutation lies 
between al and dp (21C2; 25A2). 
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Genotype of recombinant F2 males Lethality over Modification of 
E'ato' 0968)5. 18 ato' 09-68  
al tip b pr c px sp Not lethal No effect 
+ tip i /)i c PA SP NI) 
+ + b pr c px sp Lethal No effect 
Not lethal NI) 
+ + b pr c + sp Not lethal No effect 
+ + + pr C px .sp Lethal N I) 
+ + + + c px sp Lethal ND 
+ + + + + px sp Lethal Enhances rough eye 
+ + + + + + sp ND NI) 
(ii (11) I) /)i C px + NI) NI) 
al tip b pr c + + Not lethal No effect 
Lethal NI) 
at tip b pr + + -i- NI) NI) 
at dp b + + + + ND NI) 
a! dp + + + + + Lethal ND 
at + + + + + + ND ND 
+ dp b pr + + + Lethal No effect 
+ + + + + + + Lethal Enhances rough eye 
Table 2.2 Summary of recombination mapping data for E(ato108)5.18 
The grey highlighted rows mark the crucial genotypes which suggest that the 	 109-68  
interaction and a lethal mutation map between c and px (52D3; 58E4). The red highlight 
suggests the presence of a second lethal between dp and b (25A2; 34D5). The data 
suggesting the ato109 enhancer lies in the c - px region is not totally conclusive, the two 
lethal mutations were split up by recombination and retested for modification of 109-68  
which confirmed the original conclusions. 
F2 males with recombinant chromosomes between E(ato10 8)5.18  and a multiply marked 
second chromosome were scored and individually crossed back to E(atot0 8)5.  18 and then 
to al dp b pr c px sp females and the resulting F3 progeny scored for lethality or eye and 
bristle phenotypes respectively. The region of the E(ato 108)5. 18 chromosome these 
phenotypes segregate with can then be determined. Unless otherwise stated two or three F2 
males and their progeny were scored for each genotype shown. 
Genotype of recombinant F2 males Lethality over Modification of 
E('ato' 0 )6. 107 ato' ° 
at dj b pr c px sp Not lethal No effect 
+ dp b pr c px sp Lethal NI) 
+ + I) pi c /)V S/? N it lethal No 	e fleet 
+ + + pr c PX sp Not lethal No effect 
+ + + + c px sp Lethal Enhances rough eye 
+ + + + + px sp I 	etlìa1 I iihallLes wuh eye 
+ + + + + + sp ND ND 
(II (/f) I) pr C p.v + Not lethal NI) 
at dp h pr c + + Not lethal NI) 
Lethal NI) 
at tip b pr + + sp Lethal NI) 
at dp b + + + + Not lethal ND 
at dp + + + + + Lethal ND 
+ dp b + + + + Not lethal ND 
+ + b pr c px + Not lethal No effects 
+ + b pr + + Ni it lethal Ni 	elf el 
+ + h pr + + + Not lethal Ni) 
+ + + pr c + + Lethal Enhances rough eye 
4- + ± + + + + I ethal I nhances rough eye 
Table 2.3 Summary of recombination mapping data for E(ato' ° )6.107 
There is one lethal mutation mapping between b and pr (34D5; 38135) which is also 
associated with ato' 09  modification (grey highlight). The red-highlighted data indicates the 
presence of a second lethal mutation between c and px. 
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Genotype of recombinant F2 males Lethality over 
E(ato' 0968)6. 130 
al dp h pr c px sp Not lethal 
(ii + /1 pr C f)X Sp Not lethal 
a! + + pr c px sp Not lethal 
a! + + + c px S/I Lethal 
a! + + + + px sp Lethal 
a! Jp b + ± + ± Lctht1 
a! dp b + c px sp Lethal 
a! (If) /1 1)1 + px cp Not lethal 
a! !J) I? + + p+ •sp LcihuI 
til ip + + ± f)V S/I Lethal 
a! dp + + c px sp Lethal 
Not lethal 
a! + + + c px sp Lethal 
al + b + c px sp Lethal 
Not lethal 
a! + + + + + + Lethal 
Table 2.4 Summary of recombination mapping data for E(ato108)6. 130 
When taken together, the grey-highlighted results suggest that there is one lethal mutation 
mapping between pr and c(38B5; 52D3). 
A ppC iid 
Genotype of recombinant F2 males Lethality over Modification of 
Su(ato' 0968)4.5 ato109689 
al dp b pr c px sp Not lethal No effect 
+ dp b pr c px sp Not lethal ND 
± 4- h pr C JLV 7 ) Not lethal NIT) 
+ + + pr c px SP Not lethal No effect 
+ + + + c px sp Lethal Suppresses rough eye 
-- + + -t- + p Sp Lethal suppresses rough eye 
+ + + + + + sp Lethal ND 
al dp b + + + + Lethal ND 
al dp + + + + + Lethal ND 
al + + + + + + Lethal Suppresses rough eye 
+ + b pr c + + Not lethal No effect 
Not lethal Suppresses rough eye 
+ + b pr + + + Not lethal Suppresses rough eye 
Not lethal No effect 
Lethal ND 
+ + b pr c px + Not lethal No cilect 
+ + b pr + px sp Lethal ND 
-- dp b pr + + + Not lethal No effect 
+ + + + + + + Lethal Suppresses rough eye 
Table 2.5 Summary of recombination mapping data for Su(ato1068)4.5 
The lethality maps between pr and c (38135; 52D3). It is not entirely clear if the lethality is 
associated with the ato 109  modification, although the modification is a weak effect in this 
line making it difficult to score and if the lethality and the modifier are not in the same locus 
then they are within the same region, I would suggest that it is most likely that the lethality is 
also the modifier. 
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Genotype of recombinant F2 males Lethality over Modification of 
Su(ato' °968)5.21 ato'°9 
I) pi C P 'p Not lethal No 	cIftci 
+ + b pr c px sp Not lethal Suppresses rough eye 
Not lethal No effect 
+ + + + C j)X Sj) Not lethal Ni) 
Lethal NI) 
+ + + + + /)X .vp Lethal Suprccs loUgh 
+ + + + + + sp Lethal ND 
al dp b pr + + + Not lethal ND 
al dp b + + + + Not lethal No effect 
Lethal ND 
at dp + + + + + Lethal NI) 
of ilp 4 + + px vp I .eihal No effect 
a! + + + + + + Lethal No effect 
+ (11) b P' + + + Not lethal Suppresses rough eye 
Lethal NI) 
Not lethal NI) 
-i- + b pr + + + I cthaI Suppresses rough eye 
Lethal No effect 
Not lethal ND 
+ + + pr c + + Not lethal Suppresses rough eye 
+ + + + + + + Lethal Suppresses rough eye 
Table 2.6 Summary of recombination mapping data for Su(ato10 )5.21 
This line contains one lethal mutation mapping between c and px, shown by the red-
highlighted rows. The ato109 modifier lies between al and b, 21C2; 341D5, crucial F2 
recombinants are indicated in grey. 
Genotype of recombinant F2 males Lethality over Modification of 
Su(ato' 09 )5.22 ato' 9 
a! dp b pr c px sp Not lethal No effect 
+ + + ± + I 	i'thjl NI) 
+ + b pr c pX sp Lethal Suppresses rough eye 
+ + h pr c: px + Lethal No effect 
+ + I, pr + + + c111d1 No 	clicci 
+ + + pr c px sp Lethal Suppresses rough eye 
+ + + + c px sp Lethal Suppresses rough eye 
+ + + + + JJX sp Lethal NI) 
+ + + + + + SP I cthal SuppreSses n)ugh eye 
01, dp b pr c + sp Lethal ND 
cii tIp b + + + + Lethal NI) 
a! + + + + + + Lethal Suppresses rough eye 
+ dp + + + + + Lethal Suppresses rough eye 
+ + + + + + + Lethal Suppresses rough eye 
Table 2.7 Summary of recombination mapping data for Su(ato')5.22 
The grey-highlighted region indicates crucial F2 genotypes that show the ato 109 modifier is 
associated with a homozygous lethal mutation between al and b (21C2; 34D5). There is a 




Genotype of recombinant F2 males Lethality over Modification of 
Su(ato' 09 )6.62 ato' °968 
al dp b pr c px sp Not lethal No effect 
+ dp b pr c px sp Not lethal ND 
± (U) 1, f)I C + + Not lethal ND 
+ + b pr c px sp Not lethal No effect 
Lethal ND 
+ + b pr c + + Not lethal No cttct 
+ + + pr c px sp Not lethal ND 
+ + + + c px sp Lethal ND 
+ + + + + px sp Lethal ND 
+ + + + + + sp 
al dp b pr c px + Not lethal ND 
at dp b pr c + + 
al dp b pr + + + Not lethal ND 
(11 (IJ) b + + + + Not lethal ND 
a! (Up + + + + + Lethal Suppresses rough eye 
at + + pr C px SJ) Lethal Suppresses rough eye 
a! + + + + + + Lethal Suppresses rough eye 
+ b + + + px sp Lethal Suppresses rough eye 
+ + + + + + + Lethal Suppresses rough eye 
Table 2.8 Summary of recombination mapping data for Su(ato10 )6.62 
The grey-highlighted rows indicate the crucial F2 breakpoints which show that there is one 
lethal mutation that is also the ato 109 modifier mapping between dp and b, 25A2; 34D5. 
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Genotype of recombinant F2 males Lethality over Modification of 
Su(ato' ° ) 7.20 ato' 09-68  
al dp b pr c px sp Not lethal No effect 
+ ± b pr c px sp Not lethal No effect 
+ + + pr c px sp Not lethal ND 
± + + + c px sp Not lethal ND 
+ + + + + px sp Not lethal No effect 
Not lethal Suppresses rough eye 
+ + + + + + sp Lethal NI) 
a! /p b p, e + + Not 	lctfìLIl upprcse 	rough eve 
Lethal No clft'ct 
at dp b pr + + + Not lethal Suppresses rough eye 
at dp b + + + ± Lethal ND 
at dp + + + + ± Lethal ND 
Not lethal ND 
at + + + + + + Lethal ND 
at + + + c px + Not lethal Suppresses rough eye 
+ + b pr + + ± Not lethal Suppresses rough eye 
+ + + pr c + ± Not lethal Suppresses rough eye 
+ + + pr + + + Not lethal Suppresses rough eye 
+ ± + + + + + Lethal Suppresses rough eye 
Table 2.9 Summary of recombination mapping data for Su(ato108)7.20 
The lethality appears to map between c and px, 52D3; 58E4, crucial recombinants marked 
by red highlights. The interaction with ato"I is mapping elsewhere. 
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Genotype of recombinant F2 males Lethality over Modification of 
Su(ato' 0968)4. 14 ato' °968 
al dp b pr c px sp Not lethal No effect 
+ + b pr c px sp Lethal Suppresses rough eye 
+ + b pr c px + Lethal Suppresses rough eye 
+ + b pr c + + Lethal ND 
+ + + pr c px sp Lethal ND 
+ + + + c px sp Lethal Suppresses rough eye 
+ + + + + px sp Lethal Suppresses rough eye 
+ + + + + + sp Lethal Suppresses rough eye 
al dp b pr c px + Not lethal ND 
al dp h pr c + + Not lethal No effect 
+ c/p b !r + + + Not lethal NI) 
al c/p b + + + + Not lethal ND 
al cip ± + + + ± Lethal Suppresses rough eye 
a! + + + + + sp Lethal Supprcses rough eye 
-- dp + + + + + Lethal ND 
+ dp b + i- + Not lethal 
X7, W7 
ND 	, 
+ + + + + + + Lethal Suppresses rough eye 
Table 2.10 Summary of recombination mapping data for Su(ato1068)4.14 
The grey-highlighted regions indicate some of the data which shows there is one 	 109-68  
modifier which is also homozygous lethal mapping to 25A2; 34D5, dp to b. 
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Genotype of recombinant F2 males Lethality over Modification of 
Su(ato' 09 )5.25 ato' 09 
(1! (1/) b pr c Px sp Lctlml No cued 
+ (1/) I) pr C + ± I .CLhUI No 	C IICCI 
± dp b pr c + ± Lethal No effect 
+ + b pr c px sp Not lethal No effect 
Lethal ND 
+ + h pr c + ± Lethal ND 
± + + pr c px sp Lethal Suppresses rough eye 
+ + + + c px sp Lethal Suppresses rough eye 
± + + + + px sp Lethal Suppresses rough eye 
+ + + + + + sp Lethal Suppresses rough eye 
al dp + + + + ± Lethal Suppresses rough eye 
a! + + + + + + Lethal ND 
± + + + + + + Lethal Suppresses rough eye 
Table 211 Summary of recombination mapping data for Su(ato1068)5.25 
The atoll' modifier maps with a lethal mutation between dp and b, 25A5; 34D5, indicated 
by the grey rows. The red row marks the crucial F2 recombinant genotype that places a 
second lethal to the right of c, that is from 52D3; 60F4. 
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Genotype of recombinant F2 males Lethality 
over 
E(ed 12)4. 4 
Phenotypes over ed' 2 
dpbprcBlpxsp 
at dp b pr c px sp Not lethal No phenotypes 
+ dp b pr c px sp Lethal Rough eye / extra bristles 
+ + b pr c px sp Lethal ND 
+ + + pr c px sp ND ND 
+ + + + c px sp Lethal Rough eye / extra bristles 
+ + + + + px sp Lethal Rough eye I extra bristles 
+ + + + + + sp ND ND 
al dp b pr c px + ND ND 
at dp b pr c + + Viable ND 
at dp b pr + + + Viable No phenotypes 
at (1/) b + + + + NI) NI) 
1 i/p + + + + ± I cihal No phenotypes  
cii c//) + ± ± 1 p Viahic No phcnul\ 1)eS 
a! + + + + + + Lethal Rough eye / extra bristles 
+ 	+ 	+ 	+ 	+ 	+ 	+ 	Lethal 	Rough eye I extra bristles 
Table 3.1 Summary of the recombination mapping data for E(ed412)4.4 
Summary of the recombination mapping data for E(ea)4.4. The highlighted rows mark the 
crucial F2 genotypes which show that the lethal mutation associated with the interacting 
phenotypes maps between al and dp, 21C1-2; 25A1 (grey highlight) and that the second 
lethal mutation is not associated with any phenotypes over ad412 dp b pr c B! px sp and 
maps between dp and b, 25A1; 341D1 -3 (red highlight). 
ppc I I 
Genotype of recombinant F2 males Lethality Phenotypes over ed412 
over dpbprcBlpxsp 
E(ed4 ' 2)6. 1 
al dp b pr c px sp Viable No phenotypes 
+ dp b pr c px sp ND ND 
+ + b pr c px sp Lethal Rough eye / extra bristles 
+ + + pr c px sp Lethal Rough eye / extra bristles 
+ + + + c px sp Lethal Rough eye / extra bristles 
+ + + + + px sp Lethal Rough eye / extra bristles 
+ + + + + + sp Lethal Rough eye / extra bristles 
al dp b pr c px + ND ND 
al dp b pr c + + Viable No phenotypes 
al dp b pr + + + Viable No phenotypes 
al dp b + + + + Viable No phenotypes 
a! dJ? + + + + + \'iahlc NI) 
a! + + + + + + Viable No phenotypes 
Lethal Rough eye / extra bristles 
+ dp b pr c + + Viable ND 
+ + + + + + + Lethal Rough eye and extra 
bristles 
Table 3.2 Summary of recombination mapping data for E(ed412)6.1 
Summary of the recombination mapping data for E(ect' 12)6.  1. The highlighted row indicates 
the crucial F2 genotype which shows that both the lethality and the eye and bristle 
phenotypes map between al and dp (21C1-2; 25A1). 
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Genotype of recombinant F2 males Lethality over Phenotypes over ed"2 
E(ed' 2)4.10 dp b pr c Blpx sp 
al dp b pr c px sp Viable No phenotypes 
+ (If) I) /)I C /LV S/) NI) NI) 
+ + b pr c px sp Lethal Rough eye 
+ + + pr c px sp ND ND 
+ + + + c px sp Lethal Rough eye 
+ + + + + px sp ND ND 
+ + + + + + sp Lethal Rough eye 
al dp b pr c px + ND ND 
al dp b pr c + + ND ND 
al dp b pr + + + Viable ND 
(II dp ii + + + ± Lethal No phen__- 
a! (If) + + + + + Lethal ND 
Lii + + + + + + Lethal NI) 
+ dp b pr c + + Viable No phenotypes 
i/ (1/) + + + p.v sp I cthal No flhCtIOtylXS 
+ + + + + + + Lethal Rough eye 
Table 3.3 Summary of recombination mapping data for E(ed412)4. 10 
Summary of recombination mapping data for E(ed 2)4. 10. The highlighted text indicates the 
crucial F2 genotypes which show that the interaction phenotypes are associated with 
lethality and map between al and dp, 21C1-2; 25A1 (grey highlight) and that there is a 
second lethal mutation that does not interact with 9d 2 dp b pr c B! px sp mapping between 
b and px, 34D1 -3; 58E3-8 (red highlight). 
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Genotype of recombinant F2 males Lethality Phenotypes over ed"2 dp 
over bprcBlpxsp 
E(ed" 2)4. 9 
at dp b pr c px sp Viable ND 
+ dp b pr c px sp ND ND 
+ + b pr c px sp ND Rough eye I ectopic wing 
veins 
+ + + pr c px sp ND ND 
+ + + + c px sp Lethal Rough eye / ectopic wing 
veins 
+ + + + + px sp Lethal Rough eye I ectopic wing 
veins 
+ + + + + + sp ND ND 
(11 Ip 1, pr c px ± ND ND 
a/ dp h pi + ± I eiiial No phenotypes 
al dp h pr + + + 
al dp b + + + + 
al dn + + + + ± Lethal No phenotypes 
a] + + + + + + Lethal No phenotypes 
Lethal Rough eye / ectopic wing 
veins 
+ + + px Sp I cthal NI) 
a! + + pr c px sp Viable. No eye phenotype 
+ + + + + + + Lethal Rough eye / ectopic wing 
veins 
Table 3.4 Summary of the recombination mapping data for E(ed' 12)4.9 
Summary of recombination mapping data for E(ed")4.9. When the phenotype is recorded 
as ectopic wing veins it means over and above the normal plexus homozygous phenotype if 
px is homozygous; or in line with E(ed' 12)4.9 transheterozygous with ed412 dp b pr c Blpx sp 
if px is heterozygous. The rows highlighted in grey are the crucial F2 genotypes which show 
that the interaction phenotypes are associated with a lethality and map between al and dp, 
21C1-2; 25A1. The rows highlighted in red are the F2 genotypes that demonstrate that there 
is an additional lethal with no phenotypes when heterozygous with ed't2 dp b pr c BI px sp 
mapping between c and px, 52D3-7; 58E3-8. There is a low number of different recombinant 
F2 genotypes. Even as a heterozygote the ed' 9 stock is very sick. 
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Genotype of recombinant F2 males Lethality over Phenotypes over 
E(ed4 '2)4.11 dp b pr c Blpx sp 
al dp b pr c px sp Not lethal No phenotypes 
+ dp b pr c px sp ND ND 
+ + b pr c px sp Viable No phenotypes 
+ + + pr c px sp Lethal Rough eye 
+ + + + c px sp Lethal Rough eye 
+ + + + + px sp Lethal Rough eye 
+ + + + + + sp ND ND 
(Ii (1/) /7 /71 C J)X + ND NI) 
(ii (1/) /7 /)1 C + + I cIhaI No 	phCIlt)tV PC 
Viable No phenotype 
al dp b pr + + + Lethal No phenotype 
al dp b + + + + ND ND 
al dp + + + + + Lethal Rough eye 
al + + + + + + Lethal Rough eye 
al dp + + c px sp Lethal ND 
+ + b pr c + + Lethal No phenotype 
+ + + + + + + Lethal Rough eye 
Table 3.5 Summary of recombination mapping data for E(ed412)4.11 
Summary of recombination mapping data for E(ed412)4.11. The rows highlighted in grey 
indicate the crucial F2 genotypes that place the interaction phenotype, with associated 
lethality between b and pr, 34D1-3; 38134-6. The rows highlighted in red demonstrate the 
presence of a second lethal mutation between c and px, 52D3-7; 58E3-8 which is not 




List of aberrations used in complementation 
tests for mapping 
Deficiency name Breakpoints Source/reference 
Df(1)tBA1 1A1; 2A Bloomington 
Df(1)sc 4 1B; 3A3, 3E7-F1; 3F19- 
20  
Bloomington 
Df(1)64c18 2E1-2; 3C2, 2D1-2; 
31)3-4  
Bloomington 
Df(1)JC19 2F6; 3C5 Bloomington 
Df(1)N-8 3C2-3; 3E3-4 Bloomington 
Df(1)dm75e19 3C11; 3E4 Bloomington 
Df(1)A113 3D6-E1; 4F5, 3C2; 5A1- 
2 
Bloomington 
Df(1)JC70 4C15-16; 5A1 -2 Bloomington 
Df(1)N73 5C2; 5D5-6 Bloomington 
Df(1)sgh 5D1-2; 5E Bloomington 
Df(1)JF5 5E3-5; 5E8 Bloomington 
Df(1)G4 e H24i? 5E3-8; 6B Bloomington 
Df(1)Sxl-bt 6E2; 7A6 Bloomington 
Df(1)HA32 6E4-5; 7A6 Bloomington 
Df(1 )ct-J4 7A2-3; 7C 1 Bloomington 
Df(1)ct4bl 7B2-4; 70-4 Bloomington 
Df(1)C128 7D1; 7D5-6 Bloomington 
Df(1)RA2 7D10; 8A4-5 Bloomington 
Df(1)KAI4 7F1-2; 8C6 Bloomington 
Df(2L)PMF 21A1; 21B7-8 Bloomington 
Df(2L)al 21B8-C 1; 21C8-D 1, 
22D1-2; 33F5-34A1  
Bloomington 
Df(2L)S2 2106-D1; 22A6-B1 Bloomington 
Df(2L)ast2 21D1-2; 22B2-3 Bloomington 
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Df(2L)dp-79b 22A2-3; 22D5-E1, 21C8- 
Dl; 60D1-2, 40F; 59D4-
El  
Bloomington 
Df(2L)C144 23A1 -2; 23C3-5 Bloomington 
Df(2L)JS3J 23A3-4; 23D4-6 Bloomington 
Df(2L)23C 23C; 23E3-6 Bloomington 
Df(2L)JSJ7 23C1-2; 23E1-2 Bloomington 
Df(2L)JS32 23C3-5; 23D1-2 Bloomington 
Df(2L)edl 24A3-4; 24D3-4 Bloomington 
Df(2L)scl9-8 24C2; 25C2-8 Umea 
Df(2L)ed-dp 24C3-5; 25A2-3 Bloomington 
Df(2L)M24F11 24D3-4; 24F7-25A3 Bloomington 
Df(2L)scl9-5 25A4-5; 25D5-7, 24D4; 
25F2; 9B-C  
Bloomington 
Df(2L)cl-h3 25D2-4; 26B2-5 Bloomington 
Df(2L)E11O 25F3-26A1; 26D3-11 Bloomington 
Df(2L)Dwee-delta5 27A; 28A Bloomington 
Df(2L)J-H 27C2-9; 28B3-4 Bloomington 
Df(2L)spdX4 27E; 28C Bloomington 
Df(2L) Trf- C6R31 28DE Bloomington 
Df(2L)Te29Aal 1 28E4-7; 29B2-CI Bloomington 
Df(2L)N22-5 290-5; 3008-9 Bloomington 
Df(2L)N22-3 30A1 -2; 30D 1-2 Bloomington 
Df(2L)30A- C 30A3-5; 3005 Bloomington 
Df(2L)N22-14 29C 1-2; 3008-9 Bloomington 
1n(2LR)px 52 30A; 58F2-E1O Bloomington 
Df(2L)s1402 30C1-2; 30F Bloomington 
Df(2L)MdhA 30D-F; 31F Bloomington 
Df(2L)J39 31C-D; 32D-E, 22D1-2; 
33F5-34A1  
Bloomington 
Df(2L)Prl 32F1-3; 33F1-2 Bloomington 
Df(2L)prdl. 7 33B2-3; 34A1-2 Bloomington 
Df(2L)fn2 34A4-B1; 35B2 Bloomington 
Df(2L)b87e25 34B12; 35B 10-Cl Bloomington 
Df(2L)b80e3 34C4; 35A4 Umea 
Df(2L)b8Ocl 34D3; 34E2 Umea 
Df(2L)e186f1 34E3; 35D2-5 Bloomington 
Df(2L)noc2O 34F 1-2; 35B2-4 Bloomington 
Df(2L)osp29 35B1-3; 35E6 Bloomington 
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Df(2L)ospl8 35B2; 35C4-5 Bloomington 
Df(2L)A48 35B2; 35D5 Bloomington 
Df(2L)TE35BC-24 35B4-6; 35F 1-7 Bloomington 
Df(2L)rd9 35C2; 35C3 Bloomington 
Df(2L)rlO 35E1-2; 36A6-7 Bloomington 
Df(2L)cact-255rv64 35F-36A; 36D Bloomington 
Df(2L)H20 36A8-9; 36E1-2 Bloomington 
Df(2L)TW137 36C2-4; 37B9-C1, not 
36F  
Bloomington 
Df(2L)T31 7 36C4; 36E 1 -F2 Bloomington 
Df(2L)M36F-S5 36D1-3; 37A1 Bloomington 
Df(2L)TW203 36E 1-3; 37B 10 Bloomington 
Df(2L)TW50 36E4-F1; 38A6-7, not 
36F  
Bloomington 
In(2LR)C251 36F; 57B Bloomington 
Df(2L)TE37C-7 37C2-5; 37D1 Umea 
Df(2L)Sd77 37D 1; 3 8C 1-2 Bloomington 
Df(2L)Sd3 7 37D2-5; 38A6-B2  Bloomington 
Df(2L)TW84 37F5-38A1; 39D3-E1 Bloomington 
Df(2L)pr-A20 3 8A 1; 3 8B 6-Cl Bloomington 
Df(2L)TW65 38A1; 39F1 Bloomington 
Df(2L)TWJ61 3 8A6-B 1; 40A4-B1 Bloomington 
Df(2L)TW1 38A7-B1; 39C2-3 Bloomington 
Df(2L)DS6 38E2; 39E7 Bloomington 
Df(2R)M41A4 41A Bloomington 
Jn(2LR)b w 2L Df: 41A-B; 42A2-3. Dp: 
58B1; 59D6, 27D; 51E, 
not 22D3-4; 34A8-9  
Bloomington 
Df(2R)nap1 41D2-El; 42B 1-3 Bloomington 
Df(2R)nap9 42A1-2; 42E6-F1 Bloomington 
Df(2R)STJ 42B3-5; 43E15-18 Bloomington 
Jn(2R)pk78s 42C 1-7; 43F5-8 Bloomington 
Df(2R)cn9 42E; 44C Bloomington 
Df(2R)H3CJ 43F; 44D Bloomington 
Df(2R)44CE 44C4-5; 44E2-4 Bloomington 
Df(2R)H3EJ 44D; 44F12 Bloomington 
Df(2R)Np3 44D2-E1; 45B8-C1 Bloomington 
Df(2R)NCXJO 43E7-13; 44C4-5 Umea 
Df(2R)H3D3 44D4; 44F4-5 Bloomington 
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Df(2R)Npl 44F2-3; 45C6 Bloomington 
Df(2R)G75 44F4-5; 44F10-1 1 Umea 
Df(2R)Np5 44F10; 45D9-E1, 31B Bloomington 
Df(2R)w45-30n 45A6-7; 45E2-3 Umea 
Df(2R)w73-1 45A9-10; 45D5-8 Umea 
Df(2R)w73-2 45A9-1 1; 45D5-8 Umea 
Df(2R)B5 46A; 46C Bloomington 
Df(2R)w45-19g 45C8-D10; 45D9-E1 Umea 
Df(2R)X1 46C; 47A1 Bloomington 
Df(2R)Stan2 46F1-2; 47D1-2 Bloomington 
Df(2R)E3363 47A; 47F Bloomington 
Df(2R)en-A 47D3; 48A5-6 Bloomington 
Df(2R)en3O 48A3-4; 48C6-8 Bloomington 
Df(2R)vg135 48C; 49D Umea 
Df(2R)vg-C 49B2-3; 49E7-F1 Bloomington 
Df(2R)CXJ 49C1-4; 50C23-D2 Bloomington 
Df(2R)trix 51 A 1-2; 51B6 Bloomington 
Df(2R)knSA3 5 lBS-i 1; 5 1F5-13 Bloomington 
Df(2R)Jpl 51C3; 52F5-9 Bloomington 
Df(2R)Jp8 52F5-9; 52F1 0-5 3A 1 Bloomington 
Df(2R)Pc17B 54E8-Fl; 55B9-C 1 Bloomington 
Df(2R)Pcll lB 54F6-5 5A 1; 55C 1-3 Bloomington 
Df(2R)PC4 55A; 55F Bloomington 
Df(2R)P34 55E2-4; 56B 1-Cl Bloomington 
Df(2R)017 56F5; 56F15 Bloomington 
Df(2R)AA2J 56F9-17; 57D1 1-12 Bloomington 
Df(2R)PuD1 7 57B4; 58B Bloomington 
Df(2R)X58- 7 5 8A 1-2; 5 8E4-10  Bloomington 
Df(2R)X58-12 58D1-2; 59A Bloomington 
Df(2R)59AB 59A1-3; 59B1-2 Bloomington 
Df(2R)5DAB 59A 1-3; 59D 1-4 Bloomington 
Df(2R)or-BR6 59D5-10; 60B3-8 Bloomington 
Df(2R)b w 2L 59D6-E1; 60C-D Bloomington 
Df(2R) Px4 60B; 60D1-2 Bloomington 
Df(2R)Px2 6005-6; 60D9-10 Bloomington 
Df(2R)M60E 60E2-3; 60E 11-12 Umea 
Df(2R)ES1 60E6-8; 60F1-2 Bloomington 







Crossed to Source/reference 	- 
P(lac W)l(2)kOl 102 k01102 23D3-4 E(ato'0968)4. 12 Bloomington 
(Bai et al., 2001) 
P(1acW)1(2)k1 6918 k16918 24C8-9 E(ato'0968)4. 12 Bloomington 
P(lacW)1(2)k07704 k07704 29D 1-2 E(ato'°968)5. 18 Bloomington 
P(PZ)orct°3424 29D4-5 E(ato'°968)5.18 Bloomington 
P(lacW)S ema1 ak 37O2 29E1-2 E(ato'0968)5.18 (Yu et al., 1998) 
P(lac W)l(2)k04003k 04003  29E3-4 E(ato'0968)5. 18 Bloomington 
P(lac W)l(2)0682 5k0W2 29F 1-2 E(ato'°968)5. 18 Bloomington 
P(PZ)1(2)0682506825 29F1-2 E(ato'°968)5. 18 Bloomington 
P(PZ)ms(2)291;'07717 29F1 -8 E(ato'0968)5. 18 Bloomington 
P(1ARB)Fas3 M38 ' 36E1 E(ato'098)6.107 (Reuter et al., 1993) 
P(PZ)1(2)k0992 7(09927 36E3-4 E(ato'0968)6. 107 Bloomington 
P(piM)36F 36F E(ato'°968)6.107 Bloomington 
P(PZ)1(2)0533705337 34C 1-2 E(ato'098)6 130 Bloomington 
P(1acW)1(2)k06917 k06917 340-5 E(ato'098)6.130 Bloomington 
P(1acW)kuz" °1403 34C4-5 E(ato'°968)6. 130 Bloomington 
P(1acW)1(2)k06917 k06917 340-5 E(ato'0968)6.130 Bloomington 
1(2)CA61 34D4 E(ato'0968)6 130 Bloomington 
l(Arb)A1 93. 5F3 34D E(ato'°968)6. 130 Bloomington 
P(lac W)l(2)kO 7245 k07245 34D 1-2 E(ato'°968)6. 130 Bloomington 
1(2)CA 6SF27 34D4 E(ato'0968)6 130 Bloomington 
1(2)34Db' 34D4 E(ato'0968)6 130 Bloomington 
P(PZ)pnut°2502 44C 1-2 Su(ato'0968)4. 5 Bloomington 
P(1acW)1(2)k09514 k09514 44C1-2 Su(ato'0968)4.5 Bloomington 
P(1acW)1(2)k031 10 k03110 44C 1-2 Su(ato'08)4. 5 Bloomington 
P(1acW)1(2)k02203 k02203 44C1-2 Su(ato'°968)4.5 Bloomington 
P(GawB)5591 44D3-4 Su(ato'0968)4. 5 Bloomington 
P(1acW)1(2)k08904 k08904 44D4-5 Su(ato'0968)4.5 Bloomington 
P(1acW)rubr"°2507 44135-6 Su(ato'08)4.5 (Kania et al., 19957) 
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P(lac W)l(2)sl 878 44D5-6 Su(ato'0968)4. 5 Bloomington 
P(PZ)1(2)05847057 44E1 Su(ato'°968)4. 5 Bloomington 
P(1acW)k08807" °8807  44F Su(ato'0968)4.5 Bloomington 
P(lacW)1(2)k04913 k04913 44F1-2 Su(ato'°98)4.5 Bloomington 
P(lacW)1(2)03996 03996 44F3-4 Su(ato'°968)4. 5 Bloomington 
P(lacW)1(2)k16109 06109 44F3-4 Su(ato'08)4.5 Bloomington 
P(lacW)1(2)k0801 	k08017 44F3-4 Su(ato'°9' 8)4.5 Bloomington 
P(1acW)babo"6912 44F1 1-12 Su(ato'0968)4.5 Bloomington 
P(lac W)l(2)k05448 k05448 33F 1-2 Su(ato'0968)4. 14 Bloomington 
P(PZ)1(2)0143301433 34A 1-2 Su(ato'0968)4. 14 Bloomington 
P(PZ)1(2)rk639 34A 1-2 Su(ato'0968)4. 14 Bloomington 
P(lacW) Vha68-2 °'51° 34A 1-2 Su(ato'0968)4. 14 Bloomington 
P(lac W)l(2)kO 7332 k07332 34A 1-2 Su(ato'°968)4. 14 Bloomington 
P(PZ)1(2)0063200632 23C 1-2 Su(ato'0968)5. 22 Bloomington 
P(lacW)1(2)00632"04543 ' 23C1-2 Su(ato'0968)5. 22 Bloomington 
P(PZ)1(2)0533 7° 34C 1-2 Su(ato'°968)5. 25 Bloomington 
P(lacW)1(2)k0691 7 k06917 340-5 Su(ato'°968)5.25 Bloomington 
P(lacW)kuz" 01403 34C4-5 Su(ato'0968)5. 25 Bloomington 
P(lacW)1(2)k1481 	k14817 34C4-5 Su(ato'°968)5.25 Bloomington 
P(lacW)1(2)k12004 k12004 34C4-5 Su(ato'0968)5.25 Bloomington 
P(1ArB)A 193. 5F3 34D Su(ato'0968)5. 25 Bloomington 
P(lac W)l(2)kO 7245 k07245 34D1-2 Su(ato'°98)5.25 Bloomington 
P(lacW)Sos'<°5224 34D4-6 Su(ato'0968)5.25 Bloomington 
P(lacW)1(2)34D g kO56  34D6-7 Su(ato'0968)5. 25 Bloomington 
P(WA R)4-34 34E Su(ato'°968)5. 25 Bloomington 
35B 1-4 Su(ato'0968)5.25 Bloomington 
P(lacW)1(2)35B cIc 8808 35B4 Su(ato'0968)5. 25 Bloomington 
P(PZ)1(2)35Bd' 0408 35B4 Su(ato'0968)5. 25 Bloomington 
P(DeltaO-1)36 38A Su(ato'0968)6.62 Bloomington 
P(hsneo)fs(2)neo1 1' 38A Su(ato'0968)6. 62 Bloomington 
P(lac W)fs(2)ltoPP43"°8"5 3 8A 1-7 Su(ato'068)6. 62 Bloomington 
F(lac W)l(2)kl 0239 k10239 38A7-8 Su(ato'0968)6.62 Bloomington 
P(lacW)b ar?d14014 38B 1-2 Su(ato'0968)6.62 Bloomington 
P(lac W)l(2)k07614 k07614 38B4-6 Su(ato'°968)6. 62 Bloomington 
P(lacW)neb°3552 38B5 Su(ato'°8)6.62 Bloomington 




Table 1 Stocks used in initial complementation 
tests with all lethal second chromosome 
modifiers of ato10968  
Genotype Allele type Source/reference 
Su(H)' hypomorph, recessive lethal (de Celis et al., 1996) 
Sos346 null, recessive lethal (Rogge et al., 199 1) 
sca' hypomorph, recessive lethal (Mlodzik et al., 1990a) 
dac9 hypomorph, recessive lethal (Mardon et al., 1994) 
drk'' hypomorph, recessive lethal (Diaz-Benjumea and Hafen, 
1994) 
phyl' hypomorph, recessive lethal (Dickson et al., 1995) 
ri' hypomorph, recessive lethal (Biggs et al., 1994) 
so' hypomorph, recessive lethal (Pignoni et al., 1997) 
spi''4  hypomorph, recessive lethal (Freeman, 1994) 
flb" 35 null, recessive lethal (Clifford and Schupbach, 1994) 
S567 recessive lethal (Freeman, 1994) 
x155 recessive lethal (Heberlein and Rubin, 1991) 
Df(2L)da 136 null, recessive lethal (Vaessin et al., 1994) 
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Table 2 Stocks used to test candidate genes for 
ato10968 modifiers or to look for an interaction 
Genotype Nature of 
mutation 
Crossed to Source/reference 
- 
ed''23  Presumed 
hypomorph  




bow lL26 hypomorph Eato'0968)4.12 (de Belle et al., 1993) 
sip] °5965 hypomorph Eato'0968)4.12 Bloomington 
ptc5 hypomorph E(ato'0968)6.130 
Su(ato'°968)4. 5  
(Phillips et al., 1990) 
ptc9 null E(ato'098)6.130 
Su(ato'0968)4. 5  
(Schuske et al., 1994) 
fused' hypomorph Eato'0968)6.130 (Ingham, 1993) 
costa15 loss of 
function  
Eato'0968)6.130 (Grau and Simpson, 1987) 
hedgehogAC null Eato'0968)6. 130 (Lee et al., 1992) 
cubitus interruptus' gain of 
function  
Eato'0968)6.130 (Locke and Tartof, 1994) 
wr?3271 ND Su(ato'0968)4.14 (Verheyen et al., 1996) 
pointed' null Su(ato'0968)5.22 (Klämbt, 1993) 
sevenup' null Su(ato'0968)5.22 (Hiromi et al., 1993) 
gil 7 (argos) null Su(ato'0968)5.22 (Freeman et al., 1992b) 
seven lessd2 null Su(ato'°68)5.22 (VanVactor et al., 1991) 
Daughter of 
sevenless R3l 
hypomorph Su(ato'0968)5.22 (Raabe et al., 1996) 
Gap]' ND Su(ato'0968)5.22 (Hiromi et al., 1993) 
hairy2 ND Su(ato'°968)5. 22 Bloomington 
rough' hypomorph Su(ato'0968)5.22 Bloomington 
E(spl)2 hypomorph Su(ato'098)5. 22 Bloomington 
Hairless' null Su(ato'0968)5.22 (Nagel et al., 2000) 




Son of null 
Sevenless 346  
Su(ato'0968)5.22 (Rogge et al., 199 1) 
downstream of 
receptor kinase U 
hypomorph Su(ato'°968)5. 22 (Diaz-Benjumea and Hafen, 
 1994) 
phyllopod 7 hypomorph, Su(ato'098)5.22 (Dickson et al., 1995) 
rolled' hypomorph Su(ato'°98)5.22 (Biggs et al., 1994) 
spitz''4  hypomorph Su(ato'0968)5.22 (Freeman, 1994) 
cut C145 null Su(ato'°68)5.22 (Micchelli et al., 1997) 
rhomboid" null Su(ato'0968)5.22 (Freeman et al., 1992a) 
Star11155  recessive 
lethal 
Su(ato'0968)5.22 (Heberlein and Rubin, 
 1991) 
Star-1671 hypomorph Su(ato'°968)5.22 (Freeman, 1994) 
daughterless null 
Df(2L)da""' 36  
Su(ato'098)5.22 (Vaessin et al., 1994) 
N55e 11 null Su(ato'0968)5.22 (Heitzler and Simpson, 
1991) 
rux' ND Su(ato'°968)5. 22 Bloomington 




Stocks used in the construction of genetic 
mosaics 
Genotype Nature of allele Source/ reference 
yweyelessFLP construct (Newsome et al., 2000) 
ywhsFLP; Adv'/CyO construct Bloomington 
ywhsFLP; noc°/CyO construct Bloomington 
P(neoFRT)40A construct (Xu and Rubin, 1993) 
P(neoFRT)42D construct (Xu and Rubin, 1993) 
P( Ubi-GFPn1s)2L, construct Bloomington 
P(neoFRT)40A  
w"8; P(ry w)30C, construct (Xu and Rubin, 1993) 
P(neoFRT)40A  
w"8; P(neoFRT)42D, construct (Xu and Rubin, 1993) 
P(ry w ' )4 7A  
ywhsFLP; construct! null Egfr allele (Clifford and Schupbach, 
P(neoFRT)42D, EgfrIK 3S  1994) 






General Fly Stocks 
Genotype Nature of allele Sôurcet reference 
ato'°968 ato overexpression (White and Jarman, 2000) 
SC 109-69 Sc overexpression (Jarman and Ahmed, 
1998) 
al dp b pr c px sp recessive visible Bloomington 
al dp b pr c Bi px sp Recessive visible, B! 
dominant visible and 
recessive lethal  
Bloomington 
y SC W sn m OS Recessive visible Bloomington 
yw; Pin/CyO Visible, dominant, 
balancer  
Bloomington 
BcElp/CyO, Kil Tm6B Visible, dominant, 
balancer  
Bloomington 
Gla Bc Elp/ CyO Balancer Bloomington 
Fm7cGFP Balancer Bloomington 
N30 Enhancer trap (Fischer-Vize et al., 1992) 
032 Enhancer trap (Fischer-Vize et al., 1992) 
scaGal4 Ga14 driver (Baker et al., 1996) 
(Nakao 	and 
Camposortega, 1996) 
enGa14 Ga14 driver Bloomington 
dppGa14 Ga14 driver Bloomington 
109-68Gal4 Ga14 driver (Jarman and Ahmed, 
1998) 
ptcGal4 Ga14 driver Bloomington 
UASE(spl)m8 construct (de Celis et al., 1996) 
UASed construct (Bai et al., 2001) 
UASNCd construct (Lieber et al., 1993) 
UASsca construct (Ellis et al., 1994) 
UASGFP construct Bloomington 
UASspi construct (Freeman, 1994) 
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UASrho construct (Golembo et al., 1996) 
UASpntPJ construct (Gabay et al., 1996) 
UASStar construct (Buff et al., 1998) 
sca81'2 protein null, viable (Baker et al., 1990) 
sca' null (Hu et al., 1995) 
ro' hypomorph Bloomington 
roX63 protein null, viable (Heberlein and Rubin, 
1991) 
Egfra/ TSTL temperature sensitive Egfr 
allele, double balancer  
(Kumar et al., 1998) 
EgJY 0PCO/TSTL null Egfr allele, double 
balancer  
(Kumar et al., 1998) 
gil47 (argos) null (Freeman et al., 1992b) 
rhomboid" null (Freeman et al., 1992a) 
spi 2 null (Tio et al., 1994) 
_______________________ hypomorph (Freeman, 1994) 
Hairless' null (Nagel et al., 2000) 
null (Heitzler and Simpson, 
1991) 
N414 hypermorph (Brennan et al., 1997) 
N8 hypermorph (Brennan et al., 1997) 
Ny" hypermorph (Baker et al., 1990) 
ase' ase null, sc hypomorph (Jarman et al., 1993a) 
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